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1.0  INTRODUCTION 


In  choosing  and  developing  a  battery  system,  extensive  research,  i.e.,  computer  modeling  and 
electrochemistry  experiments,  is  required.  The  kinetics  of  chemical  and  electrochemical  reactions 
determine  the  operational  characteristics  of  a  battery,  including  discharge  rate  capability  and  shelf 
storage  life.  This  in  turn  affects  power  output.  Battery  design  also  affects  battery  output,  i.e.,  distance 
between  the  bipolar  plates,  thickness  of  the  electrodes  and  spacers,  materials  used,  uniformity  of  elec¬ 
trolyte  flow,  etc.  To  maximize  the  performance  of  a  battery  system,  therefore,  one  must  do  basic 
research  to  identify  the  electrochemical  and  chemical  process  occurring  within  the  battery.  Too  often 
this  has  not  been  done  with  the  expected  results. 


With  regards  to  the  Li/SOCIf  battery  development  program  described  in  Volume  I  of  TR  1154, 
this  volume  contains  a  compilation  of  technical  papers  and  is  a  continuation  of  Volume  II  of  TR 
1154  These  papers  have  appeared  in  refereed  journals  and  books.  In  addition,  abstracts  of  presenta¬ 
tions  given  at  meetings  and  a  table  of  contents  for  the  previous  two  volumes  of  TR  1154  are  included. 
This  work  was  performed  as  part  of  the  Naval  Ocean  Systems  Center  Independent  Exploratory 
Development  program  and  constitutes  a  portion  of  a  program  whose  goal  is  to  establish  a  technology 
base  for  high-discharge  rate  Li/SOClj  batteries. 
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2.0  TECHNICAL  PAPERS 


This  section  contains  technical  papers  that  support  the  Li/SOCl2  battery  development  program 
described  in  Volume  I  jf  TR  1154.  These  papers  have  appeared  in  refereed  journals  and  books. 
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RESEARCH  NOTE 


RESOLUTION  OF  VIBRATIONAL  BANDS  INTO  VOIGT  PROFILES 


The  traditional  role  of  vibrational  spectroscopy  (e  g.  i.r. 
absorption  or  Raman  scattering)  has  been  the  identification  of 
chemical  groups  and  molecular  symmetry.  With  modern 
instrumentation,  not  the  least  of  which  is  inexpensive  compu¬ 
tation  time,  other  aspects  of  molecular  dynamics  can  be 
examined.  Information  on  bond  properties  as  well  as  inter- 
and  intramolecular  interactions  can  be  assessed  from 
trequencies  and  their  shifts,  band  intensities,  depolarization 
ratios  and  excitation  proliles. 

In  practice,  it  is  often  necessary  to  resolve  a  complex  band 
into  its  components  Such  separation  is  not  a  new  problem 
and  various  procedures  have  been  employed.  As  a  rule,  this 
resolution  is  based  on  an  arbitrarily  assumed  lineshape, 
usually  a  Lorentzian  distribution  modified  by  an  auxiliary 
function  f  1.  2]  or  an  inverse  polynomial  [3]  Moreover,  the 
selection  of  the  modifying  functions  has  been  made  based  on 
computation  cost  without  an  apparent  physical  justification. 

Quantum  mechanical  arguments  specify  conditions  under 
which  a  system  comprised  of  Raman  or  i.r.  active  molecules, 
perturbed  by  an  interaction  with  a  radiation  field,  yields  the 
Lorentzian  lineshape  [4]  These  conditions  are:  a  continuum 
of  energy  levels  for  each  species  and  a  decay  time  of  the  initial 
state  due  to  the  perturbing  radiation  that  is  long  compared 
with  the  lifetime  of  the  initial  stale.  Concomitantly,  the 
lifetime  of  the  initial  state  must  be  long  so  that  the  in- 
dcterminancy  of  the  initial  level  is  small  compared  to  the 
transition  frequency  However,  a  purely  Lorentzian  profile  is 
pever  attainable  because  of  the  Gaussian  component  as¬ 
sociated  with  either  the  Doppler  effect  [4]  or  molecular 
interactions  of  a  dispersive  type. 

While  the  width  of  the  Lorentzian  line  is  an  intrinsic 
property  of  a  molecule,  depending  on  the  ratio  of  the  decay 
time  to  the  lifetime  of  the  initial  state,  the  Gaussian  distri¬ 
bution  is  related  to  the  interaction  with  the  environment, 
particularly  with  the  nearest  neighbors  of  the  excited  mol¬ 
ecule.  The  observed  excitation  profiles  arise  from  the  convol¬ 
ution  of  the  Lorentzian  and  Gaussian  contributions  and 
assume  the  form  of  the  Voigt  profile.  Eqn.  (1) 


/(*'.  V  Avl-  Avc)“ 


2  In  2  AvL  (■'  e-’’1 

1  Av[;  J  .  ,  a5  +  |o  -  y)1  d> 


(1) 


where  a  =  A»L  ./(ln2)/AvG,  w  «  2(v— vQ)  V(!n2)/Av0  and 
AvL  and  Avc  are.  respectively,  the  center  frequency,  and 
the  full  widths  at  half  maximum  of  the  Lorentzian  and 
Gaussian  distributions  that  characterize  the  line  [4], 

In  a  dynamic  system  composed  of  S  number  of  species,  the 
experimentally  observed  spectral  band,  S(v|.  is  ideally  a 
superposition  of  N  lines  and  can  be  approximated  by  the 
expression: 


N 

/(*)  -  C„(v  -  a)  +  £  c,/(v,  AvLj,  Av0j)  (2) 

I  ■  I 

where  the  function  /(...)  is  defined  in  Eqn.  (1).  Because/). ..)  is 
normalized,  the  C,  can  be  interpreted  as  the  areas  of  the 
fundamental  Lorentzian  lines.  To  account  for  sloping 
baseline  as  well  as  for  the  tails  of  distant  lines,  a  linear  term, 
C#(*  -  a),  has  been  added. 

The  least  square  fit  of  Eqn.  (2)  to  the  experimental  data  is 


constructed  by  minimizing  the  test  function.  F.  given  by  Eqn 

at 

M 

F  =  I  [S<»,J-/<v>)],;(Af-?)  (3| 

i  - 1 

where  M  is  the  number  of  data  points  in  the  measured 
spectrum  S(v)  and  P  is  the  number  of  variable  parameters 
characterizing  the  spectral  intensity  calculated  by  Eq  (2)  The 
minimization  of  F  [Eqn.  13)]  was  carried  out  using  the 
N  elder-Mead  algorithm  [5].  The  number  of  lines  N  is 
selected  from  consideration  of  the  vibrational  mode  under 
investigation,  the  chemical  nature  of  the  components,  as  well 
as  from  the  minimisation  procedure.  Constraining  the  line 
widths  to  be  greater  than  the  data  point  separation  and 
including  the  factor  (Af  -  P)  in  Eqn.  (3).  places  an  upper  limit 
on  the  value  of  N  that  will  minimize  F.  The  integral  appearing 
in  Eqn.  (1)  was  evaluated  by  the  method  of  Romberg 
quadrature  [6]  where  the  +  x  and  -  x  limits  were  replaced 
by  -(-  3  and  -  3.  Computational  round  olT  errors,  truncation 
errors  in  evaluation  of  Eqn.  (1).  and  scatter  in  the  intensity 
data  broaden  the  minimum  in  F.  occasionally  making  it 
difficult  to  select  the  global  minimum  from  several  local 
minima.  Except  for  the  truncation  error,  this  difficulty  is  not 
specific  to  the  Voigt  profile,  nor  to  the  N elder- Mead 
algorithm,  but  is  characteristic  or  nonlinear  optimization 

To  illustrate,  the  band  resoluuon  and  deconvolution 
procedures  have  been  applied  to  two  test  cases:  Raman 
scattering  of  C»H,CH3  in  the  region  980-1040  cm  * 1  and  the 
absorptiqn  of  the  CD3CN-CG4  system  in  the  region 
2220-23 10 cm'1  Toluene  was  selected  because  it  represents 
an  inert  solvent  [7],  In  contrast,  owing  to  the  clustering  of 
CD3CN  molecules  as  well  as  interactions  between  CD3CN 
and  CCI.  molecules  [8.9],  the  CD3CN-CG4  system  is 
clearly  not  an  inert  system.  Carbon- 13  NMR  studies  of  the 
C H jCN-CCl.  system  indicate  the  presence  of  |CH3CN)2. 
CH3CNCG4,  (CH3CN)jCG4  as  well  as  monomeric  CH3CN 
[9],  Deconvolution  of  the  CN  stretch  of  a  dilute  solution  of 
CH3CN  in  CG4  was  not  done  since  the  CN  stretch.  v3.  of 
CH3CN  is  complicated  by  a  v3  +  v4  combination  band  in 
Fermi  resonance  with  it  [12].  The  C-H  bending  modes  of 
toluene  occur  at  1 004  and  103 1  cm  *  1  and  are  not  afTecicd  by 
combination  bands,  overtones,  hot  bands  or  Fermi  resonance. 
The  results  of  the  deconvolution  of  the  Raman  lineshape 
are  presented  ir  Fig  1  and  tabulated  in  Table  1.  The 
CD3CN-CG4  system  is  more  complex.  The  separation  of  the 
observed  band  into  three  Voigt  profiles  is  shown  in  Fig.  2  and 
the  results  of  deconvolution  are  summarized  in  Table  2. 

A  comparison  of  the  Lorentzian  and  Gaussian  widths  of 
toluene  and  CD3CN  shows  that  the  toluene  bands  have  a 
greater  Gaussian  contribution  whereas  the  CN  stretch  of 
CD3CN  shows  a  greater  Lorentzian  component.  The  dif¬ 
ference  between  CD3CN  and  toluene  may  simply  reflect  the 
kind  of  forces  acting  in  the  system.  Toluene  has  a  low  dipole 
moment.  0.36  D  [10];  consequently,  the  forces  are  primarily 
dispersive  thus  affecting  the  Gaussian  component.  On  the 
other  hand.  CD3CN  has  a  large  dipole  moment  3.92  D  [10]: 
therefore,  substantial  dipole-dipole  and  dipole-induced 
dipole  interactions  occur  in  the  CD3CN-CG4  system.  The 
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Fig.  1.  Raman  scattering  in  the  C-H  bending  modes  of 
toluene  Points  indicate  measured  data,  solid  tine  is  the 
computer  generated  tit  \cf.  Table  1).  Arrow  A — breathing 
mode  of  the  benzene  ring:  arrow  B — unidentified  impurity 


wave  NUMBER  /cm  ' 


Fig.  2.  Infrared  absorption  in  the  CaN  stretching  region  of 
CD)CN-CC1,  system  Points  indicate  measured  data,  heavy 
line  is  the  computer  generated  peak,  light  lines  are  the  Voigt 
profiles  of  the  spectral  band  components  calculated  using 
Eqn  (2). 


Table  I.  Computer  analysis  of  the  C-H  bending 
mode  of  toluene 


s0  (cm-1) 

Avc  (cm*1) 

AvL  (cm'1) 

C 

0* 

1.737 

1.527 

_ 

991.7 

2.066 

4.950 

0415 

1.120+ 

3.423t 

1004  I 

2.285 

1.964 

3939 

1.485+ 

0437t 

1022.3 

1.799 

3.577 

0.021 

0.470t 

2.050t 

1031.2 

2.215 

2.019 

I  045 

1.375+ 

0.492t 

•  Voigt  profile  of  the  Rayleigh  scattered  line  to 
determine  the  instrument  function. 

t  The  Avc  and  AvL  have  been  corrected  lor  the 
instrument  function  as  follows 

Avc  =  v((Av0„)2-(Avg,):) 

Avl  =.  Avt„- AvLl. 

(Subscripts  i  and  m  refer  to  the  instrument  fune 
tion  and  the  uncorrected  values,  respectively  | 


Table  2.  Computer  analysis  of  the  CN  stretch  oi  CDjCN 
in  CC1. 


V0  (cm'1) 

Avc  (cm'1) 

Avu  (cm'1) 

C 

a 

2260.7 

0.725 

12.48 

1280 

2265.2 

0194 

6.37 

1)89 

2278.9 

1.172 

14  15 

161 

b 

2262.4 

0  779 

13.71 

1990 

22654 

0.184 

5,14 

683 

c 

2264.2 

0854 

10  41 

2528 

a — three  line  fit.  F  =  0.905: 
b — two  line  fit.  F  =  3.92; 
c^-one  line  fit.  F  =  40.5. 


broadening  of  the  lineshape  by  permanent  dipoles  has  been 
shown  to  have  a  Lorentnan  form  [11].  Examination  of  Table 
2  shows  that  the  relative  Gaussian  contribution  in  each  ot  the 
peaks  composing  the  CN  stretch  differs  This  may  reflect  the 
difference  in  the  environment  of  the  nitrile  group  in  each  of 
the  species  occurring  in  solution  which  should  aid  in  line 
assignment.  Line  fitting  alone,  however,  is  insufficient  to 
determine  the  molecular  dynamics  and  additional  informa¬ 
tion  is  required  for  this  purpose. 

The  use  of  a  Voigt  profile  has  several  advantages  over  other 
proposed  lineshaprs:formost.  (i)  a  possible  physical  interpret¬ 
ation,  secondarily,  (iii  a  requirement  of  only  three  "non¬ 
linear"  parameters  per  line,  and  for  emission  spectra  only 
[13],  (iii)an  easy  subtraction  of  the  instrument  contribution 
to  the  calculated  lineshape.  if  the  instrument  function  has  also 
a  Voigt  profile.  However,  as  with  any  technique,  there  are 
disadvaniages.  These  include:  (i)  the  computer  time  required 
to  evaluate  the  integral  in  Eqn.  (If.  and  (iii  the  lack  of 
generality  in  the  attainable  lineshapes.  However,  since  this 
integral  is  a  convolution,  a  fast  Fourier  transform  algorithm 
could  be  used  to  speed  up  its  evaluation  [6]  and.  while  inverse 
polynomials  may  yield  better  fits,  parameters  having  little,  if 
any.  physical  significance  may  have  been  introduced  by  such  a 
procedure 
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ABSTRACT 

T1  e  complexity  of  the  electroreduction  of  SOCl_.  on  inert  electrode  surfaces  is  examined.  Comments  concerning  the 
reaction  path  are  based  on  rest  potential  measurements,  cyclic  voltammetry,  in  sun  IR  spectroscopy,  and  response  of  the 
electrode  electrolyte  interphase  to  illumination.  Experimental  difficulties  due  to  film  formation  are  emphasized. 


In  recent  years,  primarily  due  to  its  importance  in  bat¬ 
tery  technology,  the  electroreduction  of  SOCL  has  been 
discussed  extensively.  A  number  of  reaction  paths  have 
been  proposed  (1-4).  unfortunately,  without  irrefutable 
experimental  evidence  offered  in  support.  Theoretical 
modeling  (5)  defined  the  cell  operational  parameters  as  a 
function  of  electrode  reaction  kinetics  and  the  physico¬ 
chemical  properties  ot  the  system.  In  particular,  the  na¬ 
ture  of  the  prepassive  film,  the  morphology  of  the  LiCi 
precipitate,  as  well  as  its  induction  period  and  growth 
rate,  appear  to  dominate  the  cell  performance 

In  this  communication,  we  examine  selected  aspects 
of  the  SOCl.  reduction,  and  comment  specifically  on  the 
properties  of  prepassive  and  passive  films,  in  the  pres¬ 
ence  and  absence  of  A1C1.  and  or  catalytic  substances, 
eg.  metal  phthalocyamnes.  As  a  part  of  this  discussion, 
we  describe  the  photoeffects  reported  earlier  for  the 
C  SOCL,  and  extend  this  observation  to  Pt  SOCl..  and 
Au  SOCl .  interphases  as  well  We  illustrate  the  effect  of 
the  excess  of  A 1 C I ,  on  the  reaction  path  through  the  use 
of  in  situ  IR  spectra  We  conclude  this  communication 
emphasizing  the  complexity  of  the  electroreduction  and 
the  need  for  including  other  than  purely  electrochemical 
steps  in  the  description  of  cells  employing  SOCl.  It  is 
our  intent  to  put  forth  some  new  thoughts  on  the  mecha¬ 
nism  and  processes  accompanying  the  electroreduction 
of  SOCl  .  These  thoughts,  while  speculative,  offer  guide¬ 
lines  for  further  exploration. 

Experimental 

The  description  of  the  electrochemical  cell,  apparatus, 
and  preparation  of  solutions  employed  in  this  investiga¬ 
tion  has  been  given  previously  (7).  The  ,tt  sun  infrared 
data  were  taken  using  the  cell  and  experimental  arrange¬ 
ment  described  m  Ref  (8)  Data  on  the  effect  of  phthato- 
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cyanines  are  based  on  cyclic  voltammograms  and  ac  im¬ 
pedance  measurements.  The  photoeffects  were  observed 
using  conventional  photoelectrochemical  techniques. 

The  effect  of  the  addition  of  A1C1.  and  of  Co- 
phthalocyanine  (Co-Pc)  on  the  rest  potential  was  exam¬ 
ined  in  a  U-cell  provided  with  two  compartments 
separated  by  a  fritted  glass  disk.  In  this  cell,  one  com¬ 
partment  contained  a  Li  reference  eiectrode  immersed  in 
neutral  electrolyte,  the  other  contained  a  test  electrode 
immersed  in  an  electrolyte  modified  by  addition  of  either 
A1C1-.  Co-Pc,  or  both. 

Results 

Rest  potential  — As  shown  in  Table  I.  the  addition  of 
A1C1,  eauses  the  rest  potential  of  carbon  and  molybde¬ 
num  electrodes  to  become  about  800  mV  more  positive, 
while  the  Li  electrode  potential  remains  unaffected  The 
addition  of  Co-Pc  also  shifted  the  rest  potential  in  the 
positive  direction,  but  by  only  100  mV  When  both  sub¬ 
stances  were  added  simultaneously,  the  potent  al  shift 
was  about  400  mV.  i.e..  the  observed  potential  d.splaee- 
ment  was  additive.  The  Li  electrode  always  remained  at 
the  same  potential,  irrespective  of  solution  composition. 
Consequently,  the  Li  electrode  can  serve  as  a  good  refer¬ 
ence  electrode.  while  both  C  and  Mo  immersed  in  SOCl.. 
based  electrolytes  behave  as  electrodes  of  the  first  kind. 

Currenl/potentuil  relation.  —The  effect  of  the  addition 
of  A1C1,  on  the  current  potential  relationship  is  illus¬ 
trated  in  Fig.  1.  In  particular,  curve  a  is  a  voltanunogram 
recorded  in  a  1A1  LiAICL  solution  in  SOCl.  Curves  b  and 
c  are  voltammograms  in  solutions  containing  0.07M 
A 1 C I ,  *■  0.93M  LiAICl,  in  SOCl  ..  and  O  HM  A1C1,  -  0  4M 
LiAICl,  in  SOCl..  respectively 

The  addition  of  A1C1,.  even  in  small  amounts,  gener¬ 
ates  a  new  peak,  peak  A.  located  approximately  800  mV 
positive  with  respect  to  the  SOCl  reduction  peak  ill  neu 
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Table  I.  Open-circuit  potential  measurements  in  a  U-type  cell,  between  two  Li  electrodes,  and  between  Li  ond  C,  and  Li  and  Mo 


1.6M  LiAlCl,  1.6M  LiAlCl,  1.6M  LiAICl,  1.6M  LiAlCl, 

+  di-Li-Pc  -  CoPc  +  A1C1, 


I  6 M  LiAlCl, 

+  A1C1,  *  CoPc 


Li/U  0  0  0  0  0 

Li/C  3.6  3.6  3.7  3.9  4 

Li/Mo 


tral  solutions,  peak  B.  The  height  and  position  of  peaks  A 
and  B  depend,  in  a  complex  way,  on  the  concentration 
and  the  ratio  of  AlCL/LiAlCl,.  Specifically,  as  the  ratio 
AlClVLiAlCl,  increases,  peaks  A  and  B  become  broader, 
their  separation  increases,  and  they  are  displaced  in  the 
cathodic  direction,  curve  c,  Fig.  1.  Voltammograms  ex¬ 
hibiting  similar  features  were  recorded  for  the  reduction 
of  SOC1;  on  smooth  Pt  electrodes  in  neutral  and  acidic 
electrolytes  (Fig.  2.  curves  a  and  b,  respectively).  Peaks 
associated  with  the  reduction  of  SOCl2  and  SO,  are  more 
pronounced  here. 

The  appearance  of  a  new  reduction  peak  in  electrolytes 
containing  an  excess  of  A1C1,  can  arise  from  a  number  of 
factors,  the  most  likely  being  a  change  in  the  reaction 
path  resulting  from  the  formation  of  different  molecular 
species  in  acidic  electrolytes.  The  appearance  of  differ¬ 
ent  species  and  their  participation  in  the  electroreduc¬ 
tion  is  demonstrated  by  in  situ  IR  spectra  and  the  differ¬ 
ence  exhibited  within  the  500-800  and  1100-1300  cm  ' 
wave  number  regions  (Fig.  3). 

The  addition  of  Me-Pc  to  a  neutral  solution  causes  the 
peak  current  to  increase  and  the  peak  potential  to  shift  in 
the  anodic  direction.  The  magnitude  of  the  peak  current 
and  its  position  depend  on  the  complexed  central  ion. 
This  dependence  is  illustrated  in  Fig.  4,  where  voltam¬ 
mograms  obtained  in  electrolyte  containing  Co-Pc, 
Fe-Pc,  and  Cu-Pc  are  shown  alongside  the  voltammo- 
gram  in  1 M  LiAlCl,  solution  only  (curves  d,  c,  b,  and  a,  re¬ 
spectively).  Although  the  peak  current  and  potential  de¬ 
pend  on  the  complexed  central  ion,  the  total  charge 
transferred  in  the  period  between  the  initiation  of  reduc¬ 
tion  and  passivation  of  the  electrode  surface,  is  about  the 
same 

The  catalytic  activity  of  the  Me-Pc  can  be  demon¬ 
strated  using  ac  impedance  measurements.  Figure  5 
shows  a  Nyquist  plot  for  neutral  solution  (curve  a)  and 
for  the  same  solution  containing  Fe-Pc  (curve  b).  The  ad¬ 
dition  of  Fe-Pc  yields  a  semicircle,  but  its  radius  is  sub¬ 
stantially  smaller,  indicating  that  the  interfacial  transfer 
resistance  is  less  in  the  presence  of  the  catalyst  (Co-Pc 
behaves  similarly,  while  Cu-Pc  shows  only  negligible 
effect). 

Prepassive  film. — The  potential  region  where  the  elec¬ 
trode  surface  remains  free  from  a  prepassive  film  is  rela- 


Fig.  1 .  Cyclic  voltammograms  on  glassy  carbon:  scan  rate — 50  mV 
s  ’,  electrode  oreo — 0.312  cm:,  and  electrolyte— curve  a  (IM  LiAlCl, 
in  SOCI-),  curve  b  (0  93M  LiAlCl,  +  0.07M  A I C  I,  in  SOCI),  and  curve 
c  (0  4M  LiAlCl,  -  0  6M  AICI,  in  SOCI.).  2-8 


tively  narrow  (7C  mV).  Within  this  region,  the  reaction  is 
kinetically  controlled  (7).  It  is  noteworthy  that,  when 
Bu,NPF*  (Bu  for  butyl)  is  substituted  for  LiAlCl,,  the 
electrode  surface  remains  free  from  filming  through  the 
range  of  overpotentials  where  the  prepassive  film  is  nor¬ 
mally  generated.  We  did  not  observe  any  current  limita¬ 
tions  within  the  range  of  our  instrument,  i.e..  up  to  1A.  In 
such  an  electrolyte,  kinetic  studies  can,  thus,  be  ex¬ 
tended  over  a  much  wider  range  of  overpotentials. 

The  removal  of  passive  films  can  be  accomplished  by 
either  mechanical  means,  or  by  holding  the  electrode  at 
potentials  positive  to  the  rest  potential,  e.g..  at  4.5V  vs.  Li 
reference.  The  restoration  of  the  electrode  surface  to  its 
original  state,  by  mechanical  means,  is  more  difficult 
when  such  films  are  formed  in  the  presence  of  dissolved 
Me-Pc;  there  is  no  effect  on  the  electrochemical  removal. 

Illumination  of  the  passivated  electrode  surface  with 
UV  radiation  enhanced  the  electroreduction  of  SOCI,  on 
all  surfaces  investigated  (Fig.  6).  The  largest  effect  was 
observed  on  the  carbon  electrode,  curve  a,  the  smallest 
on  an  Au  electrode,  curve  d  (Fig.  6).  The  enhancement 
depends  on  the  electrode  potential,  alternatively,  on 
passive  film  thickness,  as  demonstrated  by  comparing 
curve  b  with  c.  curve  c  being  deeper  into  the  passive 
region. 

Discussion 

The  necessary  condition  for  the  initiation  of  an  electro¬ 
chemical  process  is  the  intimate  contact  between  the  re¬ 
active  species  and  a  phase  boundary  where  the  charge 
transfer  occurs.  This  requirement  implies  that  an  ap¬ 
proach  step  must  precede  the  charge  transfer  step  and. 
furthermore,  it  suggests  that  an  electrocatalyst  may  af¬ 
fect  more  than  one  of  the  elementary  processes  compris¬ 
ing  the  overall  reaction  pathway.  Electrocatalysis  may 
be  viewed  as  a  special  case  of  heterogeneous  catalysis, 
inasmuch  as  the  catalyst  must  be  in  contact  with  an 
electronically  conductive  substrate  which  functions  as 
either  electron  source  or  sink.  When  the  catalyst  is  ap¬ 
plied  in  the  form  of  a  thin  film,  it  must  be  sufficiently 
conductive  to  prevent  substantial  ohmic  losses.  Alterna- 
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Fig.  2.  Cyclic  voltommograms  on  smooth  platinum:  scan  rate — 50  mV 
s"1  and  electrolyte— curve  a  (1.5M  LiAlCl,  in  SOCL),  and  curve  b 
(0  75 M  LiAlCl,  +  I  .5M  AICI,  in  SOCL).  Pt-reference  electrode 
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Fig.  3.  In-situ  IR  adsorption  spectrum:  electrode — smooth  platinum 
and  electrolyte— curve  a  (0  75A1  LiAICI,  +  0.75M  AICI,  in  SOCL,  at 
1.8V  vs.  Pt  reference),  and  curve  b  (15M  LiAICI ,  in  SOCI,,  at  1  8V  vs. 
Pt-reference) 


tively,  the  electrocatalytic  substance  may  be  dissolved  in 
the  electrolyte.  In  such  a  case,  active  sites  may  be  cre¬ 
ated  on  an  otherwise  inactive  substrate  by  chemisorbed 
active  material. 

The  formation  of  various  complexes  in  SOCI,  based 
electrolytes  and  their  involvement  in  the  electroreduc¬ 
tion  has  been  established,  however,  their  properties  are. 
at  the  present  time,  not  entirely  known.  Furthermore, 
complexation  involving  reaction  products  such  as  SO; 
cannot  be  excluded  i9.  10).  The  combination  of  these  fac¬ 
tors  precludes  detailed  evaluation  at  this  time. 

Rest  potential. —An  Evans  type  representation  of  the 
log  i  vs.  V  curves  for  the  reduction  and  oxidation  of  the 
SOCl.-LiAlCl,  solution  implies  that  the  rest  potential  ob¬ 
served  on  glassy  carbon  electrodes  is  an  example  of 
mixed  potential  (7).  The  displacement  of  the  rest  poten¬ 
tial  upon  the  addition  of  AICI,  to  a  neutral  solution  arises 
from  differences  in  reactants  and  products,  as  illustrated 
in  Fig.  7.  In  the  presence  of  excess  A1CL,  the  potential 
displacement  is  due  to  the  formation  of  a  more  stable 
product,  LiAICI,,  while  in  neutral  solutions  it  is  due  to 
the  formation  of  LiCl.  Theoretical  calculations  predict 
the  displacement  of  AEU  between  530  and  630  mV,  de¬ 
pending  upon  the  value  of  the  equilibrium  constant.  K. 
for  the  reaction 

K 

LiCl  <-  AICI,  =  LiAICI,  111 


Fig.  4.  Cyclic  voltammograms  on  glasiy  carbon:  jean  rate — 50  mV 
s  electrode  area — 0  314  cm;,  and  electrolyte — 1.0M  LiAICI,  in 
SOCI,  Curve  a  (no  additives),  curve  b  (saturated  with  Cu-Pc),  curve  c 
(saturated  with  Fe-Pc),  and  curve  d  (saturated  with  Co-Pc). 


a-103Hz 

b-104Hz 
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LiAICI,  in  SOCI-),  curve  a  (no  additive),  and  curve  b  (saturated  with 
Fe-Pc). 


In  acid  solutions.  AICI,  •  SOCI,  adducts  are  the  reactants, 
i.e..  the  rest  potential  should  be  less  by  A E,  arising  from 
reaction  [21 


K, 

SOCI,  +  A1C1,  =  AICI,  -  SOCI,.  <n  =  1.2)  |2| 

Unfortunately,  the  K,  value  for  reaction  (2)  is  not  known. 
However,  by  taking  the  complexation  of  SOCI,  into  ac¬ 
count.  a  more  stable  reactant  is  made.  i.e..  AG.  and.  there¬ 
fore.  A E  will  also  be  lowered,  with  respect  to  the  situa¬ 
tion  where  no  complexation  is  assumed.  The  complexa¬ 
tion,  therefore,  accounts  for  the  lower  than  theoretically 
expected  value  for  V,*.,  listed  in  Table  I. 

The  observed  shift  of  the  electrode  rest  potential  asso¬ 
ciated  with  the  addition  of  Co-Pc  is  consistent  with  the 
concept  of  a  mixed  potential,  inasmuch  as  the  presence 
of  a  catalyst  cannot  affect  a  true  reversible  potential.  The 
additivity  of  the  rest  potential  shift  by  100  mV  suggests  a 
complex  reaction  path,  with  the  Me-Pc  affecting  that  ele- 
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Fig.  6  Effect  of  illumination  on  reduction  of  SOCI..:  a — glassy  carbon 
electrode  at  2.5V,  b — platinum  electrode  at  2.5V,  c — platinum  elec¬ 
trode  at  2.0V,  and  d — gold  electrode  at  3.0V  All  potentials  vs  Li  ref¬ 
erence  electrode 
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Fig.  7.  Energetics  of  the  LiCI-AICI , -SOCl,  system 


mentary  process  whose  rate  depends  on  bulk  composi¬ 
tion.  Alternatively,  by  analogy  to  a  redox  couple,  the 
shift  in  positive  direction  indicates  either  an  increase  in 
the  concentration  of  oxidizing,  or  a  decrease  in  reducing 
species  arising  from.  e.g..  interaction  of  these  species 
with  solvent  molecules.  The  latter  view  is  in  agreement 
with  the  findings  reported  by  Myers  et  al.  (11),  namely, 
that  SOCl,  reacts  with  Me-Pc  (Me  =  Cr",  Mn".  Fe".  and 
Co")  to  form  oxidized  species,  but  not  with  Me  =  Cu.  It  is 
noteworthy  that  the  total  effect  of  Me-Pc  on  the  SOCL 
electroreduction  is  more  complex  than  indicated  by  the 
100  mV  shift  (12). 

Effect  of  excess  AlCl * — The  presence  of  a  second  peak 
in  neutral  solutions  was  first  reported  by  Doddapaneni 
(13)  and  interpreted  as  evidence  of  a  two-step  process  in 
the  reduction  of  SOCL  However,  he  observed  the  addi¬ 
tional  peak  only  under  special  circumstances,  namely, 
on  stress-anneaied  graphite  electrodes,  on  dry  surfaces, 
and  during  the  first  cycle.  Blomgren  et  al.  (14)  has  also 
reported  the  appearance  of  a  second  peak  in  neutral  solu¬ 
tions.  A  similar  behavior  is  seen  in  Fig.  2.  Evidently,  the 
appearance  of  additional  peaks  in  neutral  solutions  is  re¬ 
lated  to  the  state  of  electrode  surface.  In  contrast  to  the 
results  in  neutral  solutions,  the  peaks  in  acid  solutions 
were  always  reproducible  in  successive  voltammograms. 
At  present,  we  attribute  the  appearance  of  two  peaks  in 
acid  solutions  to  the  change  in  properties  of  the  electro¬ 
lyte  phase,  primarily  to  the  formation  of  an  A1CL  •  SOCl, 
adduct. 

The  dependence  of  voltammograms  on  AlCl ,  concen¬ 
tration,  shown  in  Fig.  1,  is  difficult  to  analyze  in  view  of 
the  complexity  of  the  LiCI-AICI , -SOCl.  system  (9,  10). 
With  the  addition  of  A1CL,  not  only  does  the  conductivity 
of  the  electrolyte  change,  but  so  does  its  structure.  The 
ion-ion  and  ion-solvent  interactions,  as  well  as  formation 
of  yet  unidentified  aggregates  (10).  make  a  definite  inter¬ 
pretation  of  the  voltammograms  impossible  at  the  pre¬ 
sent  time.  Nevertheless,  certain  conclusions  can  be 
drawn.  First,  the  appearance  of  an  additional  peak  in 
acid  solutions  cannot  be  due  to  two-step  reduction  of 
SOC1,  because,  in  such  a  case,  a  merger  of  these  peaks 
would  not  have  occurred  at  higher  AlCl,  concentrations. 
Second,  peak  A  cannot  be  associated  with  the  observed 
step-like  change  in  the  voltage-time  curves  of  a  discharg¬ 
ing  Li/SOCl,  cell,  attributed  to  the  exhaustion  of  AlCl, 
(15).  since  peak  A  is  reproduced  in  consecutive  cycles. 
Third,  peak  A  cannot  be  due  to  SO,,  reduction  because  it 
occurs  at  higher  potentials  (i.e..  at  2.4V.  as  in  Fig.  2). 
This  latter  conclusion  has  also  been  verified  by  in  situ  IR 
spectroscopy  (17). 

The  complexity  of  the  SOCL  reduction  path  is  further 
illustrated  by  examining  the  IR  spectral  region,  shown  in 
Fig.  3.  This  region  contains  the  principal  vibrational  fre¬ 
quencies  for  the  major  constituents  of  the  electrolyte. 
t’iz..  SOCL.  AlCl,,.  and  LiAlCl,,  as  well  as  complexes  in¬ 
volving  reactants  and  reaction  products.  In  a  separate  in¬ 
vestigation  we  have  been  examining  the  electroreduc¬ 
tion  of  thionyl  chloride  electrolyte  solutions  using  the 
spectroscopic  technique,  SNIFTERS  (16).  The  resultant 
spectra  reveal  several  important  features  of  the  thionyl 


chloride  reduction  process.  Figure  3  shows  the  SNIF¬ 
TERS  spectra  for  the  electroreduction  of  (ai  1.5MA1CI,  - 
1.5M  LiCl  and  (b)  1.5M  AlCl,  +■  0.75M  LiCl  thionyl  chlo¬ 
ride  solutions,  neutral  and  acid,  respectively.  In  both 
cases,  the  most  identifiable  product,  increased  absorp¬ 
tion,  is  sulfur  dioxide,  which  yields  the  characteristic  ab¬ 
sorption  at  1339  cm  '.  The  apparent  reactant(s).  de¬ 
creased  absorption,  is,  however,  different  for  the  neutral 
and  acidic  solutions,  as  shown  by  the  distinct  differences 
in  absorption  in  the  1000  to  1200  and  400  to  800  cm  1  re¬ 
gions.  The  strong  feature  near  1 100  cm  in  both  cases, 
likely  involves  complexed  thionyl  chloride.  We  have  pre¬ 
viously  shown  that  the  absorption  in  this  region  for  the 
acidic  solution  is  due.  in  part,  to  the  AlCl,  SOCL  com¬ 
plex,  and  results  from  a  perturbation  of  the  sulfur- 
oxygen  stretching  frequency  of  the  thionyl  chloride  ( 17). 
Figure  3  clearly  shows  that  this  complex  is  one  of  the 
principal  reactive  species  in  acid  solution,  an  observa¬ 
tion  which  is  consistent  with  the  results  of  Tsaur  and 
Pollard  (5).  The  species  responsible  for  the  decreased  ab¬ 
sorption  near  1100  cm  1  in  neutral  solution  has  not  been 
identified  conclusively.  At  present,  we  believe  this  reac¬ 
tant  to  be  a  thionyl  chloride  complex,  possibly  with  Li' 
ion;  the  observed  frequency  is  due  to  a  moderately  per¬ 
turbed  sulfur-oxygen  stretching  vibration.  Such  com¬ 
plexes  have  been  reported  earlier  from  Raman  spectro¬ 
scopic  investigations  (18).  A  portion  of  the  rich 
vibrational  spectra  below  800  cm*1  is  also  due  to  the  thio¬ 
nyl  chloride  complexes.  While  a  complete  assignment  of 
the  absorptions  in  this  region  has  yet  to  be  made.  Fig.  3 
does  show  the  difference  in  behavior  between  acid  and 
neutral  electrolytes  in  this  frequency  range. 

Even  this  qualitative  description  of  the  effect  of  excess 
AlCl,  on  the  process  of  SOCl.  electroreduction  points 
out.  rather  clearly,  the  complexity  of  the  reaction  path. 
Thus,  it  is  not  surprising  that  the  cell  modeling  predicts  a 
correct  behavior  only  prior  to  the  onset  of  kinetic  control 
and/or  film  formation  (19).  Results  of  an  extensive  analy¬ 
sis  of  the  SOCl  .  electroreduction  based  on  the  survey  of 
the  IR  spectra  will  be  given  elsewhere. 

Effect  ofMe-P c  — Examination  of  Fig.  1  and  4.  together 
with  information  assembled  in  Table  I.  leads  us  to  con¬ 
clude  that  the  participation  of  Me-Pc  in  the  electroreduc¬ 
tion  of  SOCl  .  differs  fundamentally  from  that  of  AlCl,.  In 
both  cases,  however,  the  kinetically  controlled  region  is 
relatively  narrow.  Thus,  the  usual  requirements  concern¬ 
ing  selection  of  a  suitable  reference  point  for  comparison 
of  electrocatalytic  activities  (20)  is  especially  important 
here.  In  principle,  the  determination  can  be  carried  out. 
either  by  comparing  currents  at  a  fixed  overpotential 
within  a  region  where  reaction  is  under  kinetic  control, 
or  by  measuring  the  electron  transfer  resistance  at  the 
open  circuit.  A  catalyzed  reaction  will  lead  to  small  re¬ 
sistance  or  larger  exchange  current  density. 

The  observed  catalytic  activities  of  Me-Pc.  where  Me  = 
Co.  Fe.  Cu,  and  Li.  decrease  in  the  following  order:  Fe  > 
Co  >>  Cu  >  Li  (with  no  activity  associated  with  Li-Pc). 
i.e..  in  the  same  order  as  reported  for  the  electroreduc¬ 
tion  of  oxygen  (21.  22).  This  observation,  in  turn,  was  of¬ 
fered  as  indication  of  the  weakening  of  the  S=0  bond 
arising  from  the  interaction  of  the  SOCL  molecule  with 
the  centra!  metal  ion  of  the  N,  chelates.  A  word  of  cau¬ 
tion.  in  contrast  to  the  reduction  of  O,  (21  22).  details  of 
the  reaction  path  for  the  reduction  of  SOCl,  are  not 
known.  Furthermore,  because  SOCl,  is  a  weak  donor  10.4 
on  the  Gutmann  scale  (23)1,  it  may  form  complexes  with 
the  reaction  products  and  catalytic  activities  may  not  be 
limited  to  the  charge  transfer  reaction,  but.  may  directly 
or  indirectly,  affect  other  elementary  processes  as  well. 

The  nature  of  the  prepassive  film.— Chakhov  et  al.  (6) 
reported  that  vitreous  carbon  and  pyrolytic  graphite, 
when  immersed  in  SOCl,  based  electrolytes,  behave  like 
p-type  semiconductors  with  a  2  eV  bandgap.  They  attrib¬ 
uted  this  behavior  to  the  formation  of  a  surface  com¬ 
pound.  presumably  a  solid  film,  leading  to  the  electrode 
passivation  through  a  decrease  in  the  concentration  of 
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free  electrons  in  the  surface  layers.  Upon  illumination  of 
the  surface,  there  is  an  increase  in  the  concentration  of 
free  electrons,  and,  hence,  an  increase  in  reduction  of 
SOCL.  However,  since  these  effects  are  also  seen  on  me¬ 
tallic  electrodes  te.g..  Pt  and  Au),  any  model  relying  ex¬ 
clusively  on  involvement  of  carbon  corrosion  products 
is,  therefore,  incomplete. 

A  common  factor  associated  with  observed  photoef¬ 
fects  is  the  presence  of  LiCl  film.  A  stoichiometric  LiCl 
film  is  an  insulator  with  a  9.0  eV  bandgap;  consequently 
only  a  presence  of  nonstoichiometric  film.  Li, Cl,,  could 
account  for  the  observed  response  to  illumination.  In 
particular,  the  presence  of  cation  vacancies  in  the  LiCl 
film  can  provide  a  narrow  space  charge  region  at  the 
electrode' LiCl  interphase  to  allow  for  electron  tunneling 
(24).  The  flow  of  electrons  into  the  conduction  band,  or 
into  localized  states  within  the  LiCl  film,  would  be  en¬ 
hanced  by  illumination.  Whether  or  not  corrosion  of  the 
electrode  material  modifies  the  solid  LiCl  structure  and 
allows  for  semiconducting  properties,  cannot  be  stated 
at  this  time.  Noting  the  magnitude  of  the  photoeffect, 
and  correlating  it  with  the  stability  of  electrode  material 
in  the  SOCL  electrolyte,  we  would  have  to  admit  that  it  is 
possible,  except  that  the  Au/SOCL  interphase  is  stable  in 
this  electrolyte  ( 25 ).  thus  leaving  the  explanation  of 
Chakhov  et  a/.,  involving  participation  of  corrosion 
products,  in  doubt. 

Concluding  Remarks 

The  electroreduction  of  SOCL  on  an  electrode  surface 
is  a  complex  process  A  number  of  possible  pathways 
have  been  proposed,  but  none  have  been  fully  supported 
by  experimental  evidence.  It  is  increasingly  clear  that 
the  S=0  group  plays  an  important  role  in  the 
electroreduction  process.  The  evidence  has  been  pre¬ 
sented.  implying  that  the  presence  of  reactive  species 
perturbs  the  S—O  bond  strength.  In  particular,  we  offer 
the  following  comments. 

1.  The  kinetics  of  electroreduction  can  be  examined 
only  within  a  narrow  range  of  overpotentials. 

2.  The  electrode  rest  potential  is  a  mixed  potential.  An 
excess  of  A1C1 ,  and  the  presence  of  Me-Pc  shifts  the  rest 
potential  in  positive  direction,  by  300  and  100  mV.  re¬ 
spectively.  The  additivity  of  this  shift  suggests  that 
SOCL  molecules  interact  differently  with  A1C1„  than 
with  Me-Pc. 

3.  The  IB  absorption  spectra  demonstrate  the  partici¬ 
pation  of  A1CL  SOCl,  complexes  in  the  charge  transfer 
process  in  acidic  solutions.  Furthermore,  it  shows  that  a 
different  reaction  path  occurs  in  neutral  electrolytes. 

4.  Prepassive  films  formed  during  the  SOCL  reduction 
on  glassy  carbon,  platinum,  and  gold  electrodes  exhibit 
semiconducting  properties.  This  behavior  :s  attributed 
to  the  modification  of  the  structure  of  the  LiCl  film. 
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Summary 

A.C.  impedance  measurements  are  demonstrated  to  be  very  effective  in 
assessing  the  quality  of  reserve  activated  battery  cells  during  fabrication.  The 
impedance  of  four-cell  bipolar  batteries  was  measured  over  the  frequency 
range  0.1  -  20  kHz.  A  parallel  RC  circuit  was  determined  to  be  a  good  model 
for  the  unactivated  cells.  Capacitance  is  a  sensitive  measure  of  cell  spacing 
consistency.  Uniform  and  defect-free  cells  have  a  variation  of  ±3%  in 
capacitance,  and  a  sensitivity  analysis  of  capacitance  to  cell  spacing  shows 
that  this  is  equivalent  to  a  ±1.5%  variation  in  cell  spacing.  Bode  plots 
identify  defective  cells  with  high  resistance  shorts  not  detectable  through 
capacitance  measurements. 


Introduction 

The  development  of  high  energy  and  high  power  batteries  has  received 
a  great  deal  of  attention  in  the  last  few  years,  particularly  with  the  emer¬ 
gence  of  lithium-based  systems.  One  design  for  high  power  applications  is  a 
bipolar  reserve  activated  construction  in  which  the  basic  unit  contains  a  large 
number  of  series-connected  cells.  The  final  battery  configuration  may 
contain  as  many  as  1000  or  more  cells  with  individual  cell  thickness  in  the 
submillimeter  range.  With  this  number  of  closely  spaced  cells,  there  is  a  clear 
need  for  a  method  of  assuring  cell  quality  both  during  and  after  fabrication 
in  order  to  meet  both  electrical  performance  and  safety  goals.  The  require¬ 
ment.  for  cell  quality  assurance  is  not  limited  to  systems  of  this  design  for  it 
can  be  extended  to  other  systems  as  well. 


•Present  address:  Lockheed  Palo  Alto  Research  Laboratories,  Palo  Alto,  CA  94304, 
U.S.A. 


••Author  to  whom  correspondence  should  be  addressed. 
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One  measure  of  cell  quality  during  fabrication  is  the  d.c.  resistance  of 
the  dry  cell.  While  this  procedure  will  detect  some  defects,  primarily  internal 
shorts,  it  is  not  sensitive  to  other  potential  problems  such  as  incorrect  cell 
spacing  or  incorrect  components.  On  the  other  hand,  capacitance  measure¬ 
ments  [1,  2]  have  been  used  successfully  as  a  measure  of  cell  quality.  In 
general,  cell  capacitance  is  sensitive  to  both  low  resistance  internal  shorts 
and  cell  spacing,  but  is  insensitive  to  intermediate-level  shorts. 

Given  the  complimentary  nature  of  the  resistance  and  capacitance  data, 
it  was  decided  to  explore  the  possibilities  of  using  the  more  general  a.c. 
impedance  methods  where  both  can  be  determined  simultaneously  in  order 
to  improve  further  the  techniques  of  cell  quality  assessment.  Should  this 
prove  useful,  a  computer  based  data  aquisition  system  would  make  cell 
quality  assessments  reliable,  rapid,  and  routine.  This  communication  presents 
the  results  of  an  initial  exploration. 


Experimental 
Test  vehicle 

Impedance  measurements  were  made  as  a  function  of  frequency  on 
four-cell  bipolar  stacks.  The  nickel  bipolar  plates  were  0.114  m  in  diameter 
and  5.1  X  10  s  m  thick.  Porous  cathodes  were  fabricated  from  Shawinigan 
carbon  black.  In  place  of  an  active  anode  material  stainless  steel  sheets  were 
used.  These  were  cut  to  the  same  dimensions  and  were  7.6  X  10~5  m  thick. 
In  the  results  reported  here  two  separator  systems  were  examined:  a  single 
layer  of  ceramic  paper  and  a  composite  of  three  layers  consisting  of  a  layer 
of  fibrous  hemp  against  the  cathode,  a  layer  of  2.5  X  10  4  m  unwoven  glass 
fiber  paper,  and  a  layer  of  microporous  polypropylene.  Only  three  of  the 
four  cells  in  any  one  stack  could  be  measured  since  one  end  of  the  stack  had 
a  plastic  plate  used  for  visual  observations  in  other  experiments. 

Instrumentation 

An  Hewlett-Packard  4276 A  LCZ  analyzer  was  used  for  the  measure¬ 
ments.  This  instrument  has  a  frequency  range  of  0.1  -  20  kHz.  Spring  clip 
probes  were  connected  to  small  tabs  spot  welded  onto  the  individual  bipolar 
plates.  The  magnitudes  of  the  impedance  and  phase  angle  were  recorded  at 
13  frequencies  between  0.1  and  20  kHz. 


Results  and  discussion 

Discussion  of  the  experimental  results  will  be  in  terms  of  the  relation 
between  cell  capacitance  and  cell  uniformity  and  the  effect  of  cell  defects  on 
the  overall  impedance  characteristics.  The  determination  of  these  depends  on 
the  equivalent  electrical  circuit  which,  in  turn,  can  be  estimated  from  the 
frequency  dependent  behavior  of  the  cell. 
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Equivalent  circuit 

An  unwetted  cell  would  be  expected  to  behave  as  a  parallel  RC  com¬ 
bination,  since,  in  essence,  it  consists  of  two  electronic  conductors  separated 
by  a  dielectric.  Data  from  defect  free  cells  confirm  this  expectation.  Figure  1 
is  a  plot  in  the  admittance  plane  of  the  data  for  three  defect-free  cells  and 
shows  a  linear  correlation  between  the  imaginary  and  real  components  with 
the  angle  of  the  lines  to  the  real  axis  slightly  less  than  90°.  This  is  in  accor¬ 
dance  with  the  frequency  response  of  a  parallel  RC  circuit.  There  is  some 
departure  from  ideal  RC  behavior  in  the  system.  The  admittance  plots  have 
a  slight  curvature  at  low  frequencies  and  the  angle  of  the  lines  to  the  real  axis 
is  not  exactly  90°.  This  non-ideal  behavior  can  be  attributed  to  frequency 
dependent  energy  loss  mechanisms  in  a  real  system  which  are  not  due  solely 
to  d.c.  resistivity  [3-5]. 

All  the  cell  data  showed  similar  behavior  and  thus,  initially,  a  simple 
parallel  RC  network  was  taken  as  a  reasonable  basis  for  further  analysis  of 
the  data. 


REAL  ADMITTANCE  'lO'Vohm 


Fig.  1.  Data  for  3  identical  cells  plotted  in  the  admittance  plane.  The  nearly  vertical  lines 
indicate  the  cell  can  be  modelled  with  a  parallel  RC  circuit.  (Note  scale  change  between 
ordinate  and  abscissa.)  O,  Cell  25-1 ;  A,  cell  25-2 ;  0,  cell  25-3. 
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Capacitance  and  cell  uniformity 

Given  the  parallel  RC  network  model,  capacitance  is  directly  calculated 
from  the  impedance  and  phase  angle  as 

C  =  sin  6/uiZ  (1) 

where  C  is  the  capacitance  in  farads,  Q  is  the  phase  angle,  go  is  the  radial 
frequency  and  Z  is  the  magnitude  of  the  impedance  in  ohms.  The  capaci¬ 
tance  for  a  set  of  defect-free  cells  of  the  same  design  is  quite  consistent  at  all 
frequencies,  with  a  standard  deviation  of  about  3%.  This  is  shown  in  Table  1 
for  data  measured  at  20  kHz.  The  excellent  capacitance  reproducibility  for 
identically  constructed  cells  is  encouraging  as  a  measure  of  consistency.  This 
alone  is  important,  but  it  is  also  important  in  establishing  the  sensitivity  of 
the  method  to  anomalous  cell  spacings. 

An  estimate  of  the  sensitivity  of  capacitance  to  total  cell  spacing  is  ob¬ 
tained  from  the  basic  equation  for  capacitance  and  the  cell  data.  Assuming 
the  dielectric  constant  of  the  separator  and  the  cell  area  remain  constant  as 
a  function  of  cell  thickness,  the  capacitance  is  given  by  the  standard  equa¬ 
tion: 

C  =  e0eA/(t  —  m)  (2) 

where  C  is  the  capacitance  in  farads,  e0  is  the  permittivity  of  free  space,  e  is 
the  insulator  dielectric  constant,  t  is  the  total  cell  thickness,  m  is  the  thick¬ 
ness  of  the  electrodes,  and  the  term  ( t  —  m )  represents  the  dielectric  thick¬ 
ness.  The  sensitivity  of  capacitance  to  changes  in  total  cell  thickness  is  given 
by  eqn.  (3),  which  is  derived  from  eqn.  (2)  by  taking  the  derivative  of 
capacitance  with  respect  to  total  cell  thickness,  dividing  by  eqn.  (2)  and  re¬ 
arranging. 

dC/C=[-tl(t-m)]dt/t  (3) 

The  magnitude  of  the  term  —  t/(t  —  m)  establishes  the  sensitivity  of  capaci¬ 
tance  to  cell  thickness.  The  value  of  m  was  not  experimentally  measurable 
in  these  cells  but  was  determined,  on  the  assumption  that  the  electrodes  are 
incompressible  at  the  specified  cell  dimensions,  by  rearranging  eqn.  (2)  to 
eqn.  (4)  and  performing  a  linear  regression  analysis. 

TABLE  1 

Capacitance  of  unwetted  cells  with  composite  separator 


Cell  spacing 
(m  X  104) 

Capacitance 

(nF) 

Standard  deviation 

Number  of  cells 

4.70 

0.641 

0.017 

6 

4.45 

0.717 

0.017 

9 

4.19 

0.828 

0.019 

6 

3.94 

0.915 

0.020 

7 

3.68 

1.02 

0.039 

5 
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Fig.  2.  A  plot  of  the  capacitance-thickness  data  according  to  eqn.  (4)  in  the  text  for  the 
determination  of  m  and  €0eA.  The  correlation  coefficient  of  the  linear  fit  is  0.986. 


Ct  -  mC  +  e0eA  (4) 

The  values  of  m  and  e0eA  were  calculated  from  the  33  data  points  of  capaci¬ 
tance  versus  cell  spacing  summarized  in  Table  1.  The  result  shows  a  good 
correlation,  as  illustrated  in  Fig.  2,  with  the  values  of  m  and  eQeA  of  1.98  X 
10“4  m  and  1.77  X  10" 13  farad-meter,  respectively.  These  values  are  reason¬ 
able  for  the  system.  Since  the  anode  thickness  was  7.6  X  10~5  m,  the  cathode 
thickness  in  the  compressed  cell  is  the  difference  between  this  and  m  — 
1.22  X  1CT4  m.  The  dielectric  constant  of  the  compressed  separator  calcu¬ 
lated  from  the  value  of  e0eA  is  2.97,  based  on  the  electrode  area  of  6.7  X 
1(T3  m2  and  e0  equal  to  8.9  X  10~ 12  farad/m. 

Substitution  of  this  value  of  m  into  eqn.  (4)  indicates  that,  for  the 
range  of  cell  thicknesses  in  these  experiments,  the  relative  change  in  capaci¬ 
tance  is  1.7  -  2.2  times  the  relative  change  in  cell  thickness.  Thus,  capaci¬ 
tance  is  a  sensitive  measure  of  cell  spacing  uniformity.  For  example,  the 
standard  deviation  of  ±3%  observed  in  the  experimental  cells  translates  to 
thickness  deviations  of  about  ±1.5%.  It  is  clear,  then,  that  anomalies  which 
affect  cell  spacing,  e.g. ,  the  insertion  of  an  extra  component  or  the  omission 
of  a  component,  are  detectable. 

This  analysis  assumes  an  invariant  dielectric  constant  for  the  separator, 
since  variations  in  the  separator,  e.g.,  porosity  and  composition,  also  will 
affect  the  measured  cell  capacitance.  This  implies  that  prior  to  cell  fabrica¬ 
tion  the  uniformity  of  the  separators  must  be  assured,  which  can  easily  be 
done  with  a.c.  measurements  in  a  standard  test  fixture. 
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Effect  of  cell  defects 

Determination  of  capacitance  does  not  take  full  advantage  of  the  infor¬ 
mation  available  with  the  a.c.  method.  High  resistance  shorts  do  not  neces¬ 
sarily  affect  the  capacitance  but  do  affect  the  overall  impedance  behavior  of 
the  cell.  This  is  illustrated  in  Fig.  3  where  a  Bode  plot  of  the  data  from  three 
cells  with  the  ceramic  paper  are  presented.  The  capacitance  of  all  three  cells 
was  essentially  identical,  the  average  was  0.971  with  an  average  deviation  of 
±0.020  nF.  The  Bode  plots  of  the  two  defect-free  cells  have  slopes  of  ap¬ 
proximately  —1  over  the  range  of  accessible  frequencies,  indicating  that  the 
impedance  is  dominated  by  the  capacitive  reactance  down  to  at  least  100  Hz. 
With  no  detectable  contribution  from  the  d.c.  resistance,  it  is  only  possible 
to  put  a  lower  bound  of  approximately  3  on  the  actual  cell  resistance. 
If  the  cell  resistance  was  less  than  this,  the  low  frequency  data  points  would 
begin  to  deviate  from  the  linear  relationship.  This  is  illustrated  by  the 
behavior  of  the  defective  cell. 


log  cu 

Fig.  3.  Bode  plot  of  the  impedance  data  for  3  cells  from  battery  #1.  Cells  1  and  3  are 
defect  free,  thus  the  plots  are  linear  with  a  slope  of  —1.  Cell  3  has  a  high  resistance  short 
of  0.1  which  dominates  at  the  low  frequencies,  o,  Cell  1*1  ;Ot  cell  1*3 ;0,  cell  1-2. 


The  Bode  plot  of  the  defective  cell  has  an  initial  slope  of  —1  at  the  high 
frequencies,  which  is  identical  to  the  behavior  of  other  cells.  At  lower  fre¬ 
quencies,  however,  the  slope  gradually  changes  to  0,  indicating  dominance 
by  the  d.c.  resistance  of  100  kfi.  Post-test  examination  of  the  defective  cell 
revealed  a  small  perforation  in  the  separator  allowing  the  formation  of  a 
carbon  track  between  the  cathode  and  anode.  This  procedure  identified  all 
cells  which  were  defective  due  to  an  internal  short. 


Conclusions 

This  exploratory  investigation  has  shown  that  a.c.  impedance  tech¬ 
niques  are  valuable  tools  for  assessing  the  quality  of  dry  cells.  One  of  the 
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advantages  of  the  method  is  that  it  not  only  locates  defective  cells  but  also 
helps  identify  the  nature  of  the  problem.  Moreover,  it  has  been  shown  that 
capacitance  is  a  sensitive  function  of  cell  spacing.  Over  the  frequency  range 
investigated,  Bode  plots  of  the  data  provide  a  good  method  of  distinguishing 
shorted  from  unshorted  cells.  Unshorted  cells  have  a  slope  of  — 1 ;  deviations 
from  this  indicate  a  short  in  the  cell  which  may  not  be  indicated  by  the 
capacitance.  Only  lower  bounds  could  be  determined  for  the  resistance  of 
defect-free  cells. 
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In  1980,  Chakhov  et  al  (1)  reported  that  the 
C/SOCl2*LiAlCl4  interphase,  while  under  cathodic  polari¬ 
zation,  exhibits  p-type  semiconductor  behavior  when 
illuminated.  They  attributed  this  behavior  to  the  forma¬ 
tion  of  an  unspecified  surface  compound-presumably  a 
solid  film -containing  corrosion  products  of  the  carbon 
surface.  Furthermore,  they  suggested  that  within  this  film, 
upon  illumination,  the  concentration  of  free  electrons 
increases  and,  hence,  the  rate  of  the  SOCIt  reduction 
increases.  Recently,  Madou  et  al  (2)  extended  these  obser¬ 
vations  to  other  substrates,  viz.  Pt  and  Au  and  concluded 
that  any  model  relying  excusively  on  the  involvement  of 
cat  bon  corrosion  products  is  incomplete  and  that  the  pre¬ 
cipitation  of  the  LiCI  film  is  the  only  common  factor,  ie, 
the  presence  of  the  LiCI  film  is  a  necessary  condition  for 
the  observed  cathodic  photoeffect. 

Pure  LiG  is  an  insulator  with  an  energy  gap  of 
8.6  eV  (3),  while  the  light  effective  for  increasing  SOG2 
reduction  has  a  wavelength  corresponding  to  a  band  gap 
of  2.0  eV.  To  reconcile  this  difference,  we  note  that  recent 
work  (4)  related  to  the  growth  of  LiG  films  accompanying 
the  electroreduction  of  SOCI2  invoked  the  existence 
of  a  narrow  space  charge  region  to  allow  for  electron 
tunneling  and  the  flow  of  electrons  into  localized  states 
within  this  film.  This  flow  of  electrons  would  be  enhanced 
by  illumination. 

This  communication  extends  observations  on  the 
effect  of  illumination  to  the  Si/SOC^-LiAlCl^  interphase 
with  n-  type  Si  electrodes  and  provides  further  evidence 
that  the  presence  of  the  LiG  film  is  a  necessary  condition 
for  the  cathodic  photoeffects.  Due  to  the  preliminary 
nature  of  this  investigation  the  discussion  is  mostly 
qualitative. 

RESULTS 

Cyclic  vohamme  try  .-Figure  1  compares  the  cyclic 
voitammograms  obtained  in  1 .0  M  LLAIG4  in  SOG2  elec¬ 
trolyte  on  n-  type  Si  and  Pt  electrodes,  curves  a  and  b, 
respectively.  The  effect  of  illumination  for  n-  Si  is  also 
included,  curve  a’.  Switching  of  illumination  on  and  off 
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results  instantaneously  in  curve  a’  or  a,  respectively. 
Note  the  very  substantial  photoeffect  on  the  anodic 
branch  of  the  current/potential  curve,  a  large  overpotential 
for  the  SOG2  reduction  and  a  reduced  potential  for  the 
oxidation  of  SOG2  on  n-  Si  electrodes.  Moreover,  it  is 
seen  that  illumination  does  not  effect  the  SOG2  reduction 
regime.  Anodic  current  can  be  maintained  indefinitely 
whereas  cathodic  currents  result  in  the  passivation  of  the 
electrode  surface.  This  current  is  not  associated  with  a 
prior  cathodic  scan. 

Time  effects.-Figure  2  shows  the  current-time  rela¬ 
tion  of  a  cathodically  polarized  electrode/electrolyte  inter- 
phase.  As  illustrated,  the  response  of  the  C/SOG2-LLAIG4 
interphase  to  illumination  is  sluggish  (3  to  S  seconds, 
curve  a),  being  somewhat  faster  for  the  Pt/. .  .(curves  b  and 
b’  at  potentials  2.5  and  2.0  V  vs  Li-ref,  respectively)  and 
Au/ . .  .(curve  c)  interphases  but  still  lower  than  commonly 
observed  for  the  relaxation  of  a  typical  semiconductor/ 
electrolyte  interphase.  In  summary,  cathodic  photo¬ 
effects  are  associated  with  C,  Au  and  Pt  and  anodic  photo¬ 
effects  with  n-  Si.  Moreover,  the  latter  is  much  larger  and 
exhibits  a  faster  response  time. 

Passivation  of  the  electrode  surface.-The  difference 
in  the  amount  of  transferred  charge  needed  for  the  com¬ 
plete  passivation  of  the  electrode  surfaces  is  shown  in 
Fig.  3.  It  is  seen  that  4  X  10~4  coulombs,  which  is  roughly 
equivalent  to  the  formation  of  one  monolayer  of  Li  G,  are 
required  to  passivate  the  Pt  electrode,  curve  a,  and  ten 
times  more  to  passivate  an  equal  area  of  the  Si  surface, 
curve  b.  A  slight  etching  of  the  Si  electrode  surface  was 
visually  observed. 

DISCUSSION 

Two  types  of  photoeffects  are  seen.  On  C,  Au  and  Pt 
electrodes  there  is  a  photo-enhanced  reduction  of  SOCI2 
while  on  n-Si  the  photo  enhancement  is  associated  with 
SOG2  oxidation.  The  occurrence  of  photoeffects  on  other 
than  C/SOG2-LiAlG4  interphases  casts  serious  doubt 
concerning  the  conclusion  reached  by  Chakhov  et  al. 
While  corrosion  products  might  contribute  to  the  observed 
photoeffects  on  carbon  surface,  the  degree  of  their  parti¬ 
cipation  is  not  clear.  The  most  plausible  explanation  is  the 
presence  of  a  LiG  film  which  acts  as  a  diffusion  barrier 
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barrier  which  becomes  less  effective  upon  illumination. 
Specifically,  we  propose  the  film  to  be  non-stoichiometric 
LiCl  film  containing  localized  states  which,  upon  illumin¬ 
ation,  enhance  flow  of  electrons  from  the  metal  to  the 
SOCI2  electrolyte.  The  results  on  n-  type  Si,  ie,  no  response 
to  illumination  of  the  cathodically  polarized  electrode, 
Fig.  1  -curves  a  and  a’,  and  an  excessive  amount  of  trans¬ 
ferred  charge  to  passivate  its  surface,  Fig.  3  -curve  b,  show 
rather  convincingly  that  the  origin  of  the  observed  cath¬ 
odic  photoeffect  must  be  attributed  to  the  presence  of  the 
LiCl  film  on  electrode  surfaces  and  their  absence  on 
silicon. 

In  view  of  the  rather  limited  solubility  of  LiCl 
in  the  electrolyte  and  the  excessive  amount  of  charge 
required  for  passivation,  we  conclude  that  the  Si-  electrode 
is  not  inert  and,  in  effect,  prevents  the  formation  of  the 
LiCl  film,  most  likely  by  undergoing  chemical  oxidation 
by  SOCI2  to  form  SiCl4  with  further  complexation  to 
yield  SiClg^.  The  dissolution  of  Si,  ie,  the  removal  of 
covalently  bound  atoms  requires  substantial  expenditure 
of  energy  involving  the  participation  of  holes  (5).  It  is  a 
parasitic  reaction  which,  over  long  periods  of  time,  will 
consume  both  Si  and  SOCl->.  Specifically,  during  the 
course  of  SOCl-i  reduction,  the  Si^+  ions  produced  by 
corrosion  compete  effectively  with  Li+  ions  for  Cl"  ions, 
thus  delaying  the  onset  of  precipitation  of  LiCl. 

CONCLUDING  REMARKS 

1 .  Cathodic  photoeffects  observed  upon  illumination 
of  electrode/SOCl-rLiAlCl^  interphase  are  due  to  the 
presence  of  non-stoichiometric  LiG  films. 

2.  The  photo-electrochemistry  of  the  Si/SOC^- 
LLAIG4  interphase  is  analogous  to  that  of  a  Si  electrode  in 
other  electrolytes. 

3.  The  onset  of  passivation  of  a  Si  surface  is  consider¬ 
ably  delayed,  when  compared  with  Pt,  Au  orC  surfaces, 
due  to  the  formation  of  soluble  SiClg"  species. 
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Figure  1 .  Cyclic  voltammograms  in  SOCl-v-LiAlC^  system. 


Figure  2.  Response  of  electrode/electrolyte  interphase  to 
illumination. 


Figure  3.  Potential/time  curves  for  SOClo  reduction  at 
constant  current. 
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Abstract— The  concept  of  electrocataiysis  is  examined  for  energy  conversion  devices  employing  a  liquid 
catholyte  which  yieid  insoluble  products  upon  charge  transfer  reaction.  The  modei  developed  by  Tsaur  and 
Pollard  for  Li-SOG.  ceils  is  used  to  assess  the  effect  of  additives,  in  particular,  iron  phthalocyamne.  on  the 
performance  characteristics  of  this  ceil.  Limitations  of  this  model  as  applied  to  the  predictions  of  cell  lifetime 
and  voltage  are  discussed. 


INTRODUCTION 

Various  additives,  including  metallic  platmum[l]  and 
copper[2],  the  transition  metal  halides[3]  and  the 
transition  metal  N4  chelates,  eg,  Co-,  Fe-  and 
Cu-phthalocyanines[4, 5],  have  been  employed  in 
lithium-SOCI.  batteries  to  increase  battery  lifetime 
and  discharge  rate  capabilities.  The  mechanism(s)  by 
which  these  additives  affect  battery  performance  has 
yet  to  be  elucidated.  It  has  been  suggested  that  some 
(eg  Cu.  CuCl:,  BrCI,  etcl  function  as  intermediates  in 
the  reduction  process,  more  specifically,  they  form  a 
shuttle  mechanism  within  the  cell. 

Other  additives  such  as  the  metal  phthaiocyanines, 
Me- Pc,  have  been  proposed  to  act  as  catalysts,  ie.  as 
substances  that  accelerate  the  relevant  charge  transfer 
reaction.  While  the  concept  of  electrocataiysis  is 
straightforward  when  the  electrode  reactions  are  kine- 
tically  controlled  throughout  the  entire  discharge 
period,  this  is  not  the  case  m  lithium-SOCI-  batteries. 
In  this  system,  a  non-conductive  solid-state  phase 
(LiCl)  is  formed  and  the  porous  electrode  structure 
produces  a  strongly  non-linear  charge  transfer  current 
density.  Here,  an  expansion  of  the  definition  of  the 
additive  effects  beyond  that  of  traditional  catalysis  is 
necessary. 

In  this  communication,  the  effects  of  iron  phtha- 
locvanine  (Fe-Pci  addition  on  the  performance 
characteristics  of  lithium-SOCI-  cells  are  examined 
and  compared  with  the  expected  behavior  of  catalytic 
activities  as  predicted  by  modelling.  Disagreements  are 
discussed.  The  basis  for  prediction  and  for  cell  descrip¬ 
tion  is  the  model  of  Tsaur  and  Pol!ard[6.  7],  in  which 


the  cell  operational  parameters  are  stated  as  a  function 
of  the  electrode  reaction  kinetics  and  the  physicoche¬ 
mical  properties  of  the  system. 


EXPERIMENTAL  AND  OBSERVATIONS 

Experiments  were  performed  in  a  thin  cell  of 
standard  design,  shown  schematically  in  Fig.  1.  It 
consisted  of  a  lithium  foil.  0.25  mm  thick,  a  92 
porous  glass  separator,  0.25  mm  thick,  and  a 
Teflonated.  30°^  porous  carbon  (Shawinigan  black) 
cathode  structure.  These  components  were  sandwic¬ 
hed  between  nickel  current  collectors. 

Galvanostatic  discharge  curves 

The  efficacy  of  an  additive  is  customarily  measured 
in  terms  of  its  impact  on  cell  voltage  and  lifetime.  The 
effect  of  the  addition  of  Fe-Pc  on  cell  performance  is 
illustrated  in  Fig.  2.  where  curves  a  and  b  are  plots  of 
cell  voltage  us  time  for  the  cell  without  and  with  Fe-Pc 
(2.0  mg  cm  " 5  dissolved  in  the  electrolyte),  respectively. 
Qualitatively,  the  behavior  is  similar  in  both  cases:  each 
exhibits  the  initial  voltage  "hump  '  associated  with  the 
presence  of  excess  AIC!3  in  the  eiectrolyte[6.  7],  The 
presence  of  Fe-Pc  does,  however,  increase  the  open- 
circuit  potential  by  100  mV[8]  and  the  cell  operating 
voltage  by  cu  200  mV.  Furthermore,  the  cell  lifetime  is 
doubled[5]  and  the  slope  of  the  voltage-time  curve. 
Fig.  2.  is  less  than  that  for  the  reference  cell. 

The  effect  of  Fe-Pc  on  cell  lifetime  diminishes  as  the 
discharge  current  increases  and  becomes  insignificant 
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Fig-  1.  Cross  section  of  Li-SOCl;  schematic. 


at  current  densities  above  100  m  A  cm" 2  [9].  Other 
metal  phthalocyanines  yield  qualitatively  the  same 
results,  although  Fe-Pc  is  the  most  effective.  A  related 
observation,  reported  by  Venkatasetty[4]  and  con¬ 
firmed  by  Madou  er  a/.[8,  10,  1 1],  is  that  ihe  exchange 
current  density  is  only  moderately  affected  by  Fe-Pc. 
addition  while  the  transfer  coefficients  are  unaffected. 


Fig.  2.  Effect  of  Fe-Pc  addition  on  Li-SOCl;  cell  discharge 
curves.  Curve  (a);  0.5  M  LiAlCl*  4-  1.0  M  AlClj  in  SOC1 , 
curve  (b):  same  with  2.0  mg  cm" 3  of  Fe-Pc  dissolved  in 
electrolyte.  Discharge  current,  80  mAcm"2. 


LiCl  growth  form' 

Scanning  electron  microscopic  (SEM)  examination 
of  spent  cathodes  reveals  a  variety  of  growth  forms  for 
the  precipitated  LiCI  reaction  product  produced 
during  the  discharge  of  uncatalysed  cells.  Examples  are 
shown  in  Fig.  3a.  b  and  c.  The  crystallites  vary  from  a 
fused  mass.  Fig.  3a,  through  a  carpet-like  deposit  of 
submicron  size,  Fig.  3b,  to  well  developed  columnar 
growth.  Fig.  3c.  The  specific  morphology  of  these 
crystals  is  determined  by  the  local  current  density, 
degree  of  supersaturation  and  concentration  gradients 
within  the  cell[12].  Presence  of  Fe-Pc  tends  to  pro¬ 
duce  crystals  with  the  columnar  growth  structure  of 
Fig.  3c.  Madou  et  a/.[10]  have  shown  that  the  films 
produced  in  the  presence  of  Fe-Pc  are  also  tougher 
and  more  adherent  to  the  electrode  surface.  To  a  lesser 
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Fig.  3.  SEM  photographs  illusi rating  the  variety  of  morphological  features  of  LtCl  deposits,  (a)  Fused 
crystallites:  |b)  carpet-like  deposits  (c)  columnar  growth. 


degree,  the  growth  form  depends  on  the  transition 
metal  central  ion.  In  either  case,  the  effect  on  the 
morphology  of  the  precipitate  is  greatest  at  low 
overpotennals  and  diminishes  as  the  discharge  current 
increases. 


Termination  mode 

The  SEM  photograph  shown  in  Fig.  4  is  a  cross 
section  of  a  discharged  cathode  from  a  cell  containing 
Fe-Pc.  The  light  region  on  the  right-hand  side  of  the 
photograph  indicates  the  presence  of  a  compact  LiCl 
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Fig.  4.  Cross  section  ofa  discharged  cathode.  Electrolyte:  1.8M  LiAICl*  0.5  M  AlClj  in  SOCl:  containing 
1.5  (w.wi  Fe-Pc.  Temperature:  ZTC.  discharge  current  density.  I20mAcm‘:. 


deposit.  Evidently,  the  termination  of  ceil'  operation 
has  occurred  because  of  choking  of  the  front  face  of  the 
cathode  structure  in  much  the  same  manner  as  occurs 
in  the  absence  of  catalyst.  The  thickness  of  the  blocking 
zone  varies  with  the  discharge  rate  and  is  ca  100  pm 
thick  for  a  discharge  rate  of  40  m  A  cm  ~ :  and  c a  5  pm 
for  120  mA  cm‘;.  The  blocking  zone  thickness  also 
depends,  to  a  lesser  degree,  on  the  electrolyte  com¬ 
position  and  the  preparation  of  the  cathode  structure. 
These  compact  layers  formed  in  all  ceils  that  were 
discharged  at  current  densities  in  excess  of 
40  raAcm':. 


DISCUSSION 

Electrocataivsis  is  a  special  case  of  heterogeneous 
catalysis  where  the  catalyst  is  in  comact  with  an 
electronically  conducting  substrate  whose  surface  acts 
as  either  an  electron  source  or  sink  for  the  charge 
transfer  process.  The  cataivtic  etfect  is  manifested 
through  an  increase  in  the  exchange  current  density, 
requiring  lor  elucidation,  a  knowledge  of  the  reaction 
path  and  the  rate-determining  step.  In  systems,  includ¬ 
ing  Li-SOCl,,  containing  a  liquid  catholyie.  the  sei  of 
constraints  imposed  by  the  structure  of  the  positive 
electrode  must  also  be  considered. 


The  electrical  circuit  analog  for  an  operating 
Li-SOCl:  cell  is  represented  by  Fig.  5.  Starting  with 
the  lithium  electrode  (ie.  the  source  of  electrons  and 
lithium  ions),  the  always  present  protective  LiCi  film 
offers  a  resistance  Krto  the  current  flow.  Its  thickness  is 
governed  by  the  electrolyte  composition  and  the 
discharge  current[6.  13],  with  the  maximum  thickness 
determined  by  the  extent  of  SOCK  transport  across 
it[6].  Further  to  the  right,  the  ionic  current  passes 
through  a  separator.  No  LiCl  precipitation  has  been 
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observed  in  this  region,  so  the  resistance  to  current 
flow,  Rxp,  remains  approximately  constant  during  the 
whole  discharge  period.  Finally,  the  ionic  current 
enters  the  confines  of  the  porous  structure  of  the 
positive  electrode  whose  surface  acts  as  an  electron 
sink  with  a  highly  non-linear  distribution  of  the  charge 
transfer  current  density.  The  distribution  of  this 
current  density  is  determined  by  the  interplay  of 
various  elementary  processes,  such  as  diffusion,  ad¬ 
sorption,  solvent-solute  interactions[14]  and  the 
charge  transfer.  It  is  within  this  functional  element  of 
the  cell  where  the  effect  of  Fe-Pc  addition  on  perform¬ 
ance  must  be  examined. 

The  analysis  presented  here  is  based  on  a  considera¬ 
tion  of  the  changes  associated  with  the  addition  of 
Fe-Pc  on  the  open-circuit  potential,  the 
current-potential  relation,  the  state  of  the 
electrode-electrolyte  interphase  and  the  growth  forms 
of  LiCl  crystallites. 

Electroreduction  of  SOCK 

In  recent  years,  a  number  of  reaction  paths  for  the 
electroreduction  of  SOCK  have  been  proposed[  10].  At 
present,  the  experimental  evidence  is  insufficient  to 
select  one  of  the  proposed  paths:  this  complicates  the 
interpretation  of  the  effect  of  a  catalytic  additive. 
However,  certain  conclusions  are  possible  based  on  the 
fact  that  the  open-circuit  potential  and  the  quasi¬ 
exchange  current  density  increase  upon  the  addition  of 
Me-Pc  without  a  significant  change  in  the  transfer 
coefficients. 

Addition  of  a  catalyst  cannot  change  the  position  of 
an  equilibrium  for  a  reversible  reaction,  as  the  forward 
and  reverse  reactions  are  affected  to  the  same  degree. 
The  observed  shift  in  the  open-circuit  potential  by 
100  mV  upon  addition  of  Fe-Pc  is  consistent  with  the 
concept  of  a  mixed  potential[8].  By  analogy  to  a  redox 
system,  the  observed  potential  shift  in  a  positive 
direction  can  indicate  either  an  increase  in  the  concen¬ 
tration  of  oxidizing  species  or  a  decrease  in  the 
concentration  of  reducing  species.  A  change  in  reactant 
concentration  might  arise  from  an  interaction  of 
adsorbed  species  with  solvent  molecules.  This  view  is 
supported  by  the  results  of  Myers  et  <if.[  15],  namely, 
that  SOCK  reacts  with  Me-Pc  to  form  oxidized 
species.  Further  discussion  of  the  mechanistic  aspects 
of  Fe-Pc  interaction  with  SOCl2  is  beyond  the  scope 
of  this  paper.  In  addition,  the  usual  effect  of  an  increase 
iny0  is  not  consistent  with  observation  inasmuch  as  an 
increase  in  the  exchange  current  density  would  reduce 
the  cell  lifetime  if  LiCl  precipitates  from  the  liquid 
phase. 

Electrode-electrolyte  interphase 

Two  recent  investigations,  one  on  the  effect  of 
illumination[ll]  and  one  on  the  growth  rate  of  the 
passive  film  as  a  function  of  applied  potential  and 
temperature[16],  have  confirmed  the  importance  of 
the  LiCl  film  in  the  electroreduction  process. 
Consequently,  any  effect  that  Fe-Pc  exerts  on  film 
growth  should  be  manifested  in  the  observed  kinetics 
of  the  electroreduction. 

During  the  electroreduction  of  SOCK  the  electrode 
surface  remains  free  of  LiCl  deposits  within  a  relatively 


narrow  range  of  overpotenttals  and  only  within  this 
range  is  the  reaction  kinetically  controlled[8.  10].  At 
higher  potentials,  a  transition  from  kinetic  to  transport 
control  occurs.  However,  the  amount  of  charge  trans¬ 
ferred  prior  to  passivation  is  not  affected  by  Fe-Pc. 

In  both  the  catalysed  and  uncatalysed  cases,  the 
prepassive  and  passive  films  can  be  removed  from  the 
electrode  surface  either  by  mechanical  means  or  by 
holding  the  electrode  at  the  potentials  positive  of  the 
open-circuit  potential  10],  Mechanical  removal  of 
these  films  is,  however,  more  difficult  when  the  films 
are  formed  in  the  presence  of  Fe-Pc.  This  implies  that 
Fe-Pc  affects  the  mechanical  properties  of  the  film,  yet 
does  not  affect  the  chemical  nature  of  the  deposit. 
Thus,  the  mechanism  for  the  role  of  Fe-Pc  in  the 
electroreduction  must  include  this  effect  on  the  forma¬ 
tion  of  the  LiCl  film. 

Growth  forms 

A  consequence  of  the  formation  of  the  modified 
solid  LiCl  phase  in  the  presence  of  Fe-Pc  :s  a  change  in 
the  specific  surface  area  of  the  porous  electrode.  The 
great  variety  of  morphological  forms  seen  :n  Fig.  3a.  b 
and  c  indicates  that  growth  occurs  in  the  electrolvte 
phase  where  the  shape  of  the  growing  crystallites  is 
affected  by  two  factors:  mass  transport  and  interfacial 
kinetics.  Interfacial  processes  are  the  probable  cause 
for  the  non-spherical  shape  of  the  precipnate[17];  an 
anisotropic  growth  mechanism  is  operative  long 
before  the  onset  of  diffusionai  control.  The  relative 
contributions  of  these  two  mechanisms  determine  the 
growth  pattern  of  the  precipitates. 

The  solution-precipitation  path  is  a  common  occur¬ 
rence  in  operating  cells[18-20].  To  sustain  the  current 
Row  in  these  cells,  reactants  must  be  brought  to  the 
reaction  layer  and  the  products  removed.  As  the  local 
charge  transfer  increases,  LiCl  solubility  limits  are 
exceeded,  the  nucleation  process  commences  and  pro¬ 
ceeds  with  the  rate  given  by  Equation  (1)["]: 

\  =  k0[(c,c;)-KJ,  (1) 

where  kn is  the  rate  constant  for  the  nucleation  process. 
(c,c;)  represents  the  local  supersaturation  (c,  and  c, 
are  the  local  concentrations  of  lithium  ions  and 
chloride  ions,  respectively)  and  Ks  is  the  solubility 
product.  With  further  passage  of  current,  the  growth  of 
crystallites  and  the  formation  of  new  nuclei  occur 
simultaneously.  Following  Tsaur  and  Pollard[7],  crys¬ 
tallite  growth  obeys  Equation  (2): 

r,  =  /c|U",[(c1c.)-KJ,  (2) 

so  that  the  precipitation  rate  parameter  for  the  forma¬ 
tion  of  the  solid  phase  and.  ipso  facto,  for  the  removal 
of  Cl "  from  the  reaction  space  is  given  by  Equation  1 31: 

k  =  kn  +  klvm.  (31 

The  term  e"  is  the  volume  fraction  of  LiCl  in  the 
cathode  and  describes  the  crystal  surface  available  for 
growth.  The  exponent  m  reflects  the  morphology  of  the 
growing  crystallites:  large  values  of  m  correspond  to 
crystallites  with  a  small  surface-to-volume  ratio  and 
rice  versa,  ie.  spherical  particles  are  characterized  by  a 
large  m  while  a  small  m  is  associated  with  needle-  and 
plate-like  growths.  The  form  of  Equation  (31  is  the 
same  for  either  surface  kinetic  control  or  for  mass 
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transport  control;  te,  the  difference  lies  only  in  the 
numerical  value  of  t  .  The  observed  change  in  the 
growth  form.  Fig.  3a,  b  and  c  requires  m  to  be  a 
position-dependent  parameter. 


Cell  potential 

As  stated  earlier,  Madou  et  a/.[10]  measured  an 
open -circuit  potential  shift  of  100  mV  while  the  ob¬ 
served  difference  in  the  operating  cell  voltage  was 
about  200  mV,  as  shown  in  Fig.  2.  Thus.  Fe-Pc  affects 
more  than  just  a  change  in  the  free  energy  of  reaction. 
The  most  likely  cause  of  the  difference  in  the  cell 
operating  voltage  is  a  reduction  in  Cl'  concentration 
at  the  electrode  surface  relative  to  that  in  a  cel!  without 
Fe-Pc;  this  effect  is  quantified  in  Equation  (31)  of 
Tsaur  and  Pollard[7], 


Cell  lifetime 

The  picture  of  Fe-Pc  activity  most  consistent  with 
the  observed  cell  behavior  during  discharge  is  one  in 
which  Fe-Pc  molecules  are  initially  adsorbed  on  the 
electrode  surface  and  subsequently  serve  as  preferred 
reaction  and  nucleation  sues.  As  a  result,  the  LiCl 
precipitation  occurs  at  specific  sites  on  the  electrode 
surface.  No  effect  of  Fe-Pc  on  the  main  transport  in 
the  electrolyte  phase  is  expected. 

With  a  delayed  precipitation  of  LiCl.  the  cell  lifetime 
is  affected  by  three  factors,  viz  nucleation  rate  (rate 
constant,  ka).  growth  rate  (rate  constant,  kf)  and 
precipitate  morphology  (morphology  factor,  m). 
Growth  of  LiCl  crystallites  within  the  interphase 
region  can  produce  locally  complex  concentration 
gradients  that  affect  the  growth  form.  For  this  to  occur, 
Fe-  Pc  has  to  facilitate  the  rate  of  precipitation  of  LiCl, 
primarily  through  an  increase  in  the  nucleation  rate 
constant,  kn,  and  secondarily  through  changes  in  the 
growth  rale  are  constant,  kg,  and  the  morphology 
factor  m. 

At  low  growth  rates,  irrespective  of  the  m  value,  the 
cell  lifetime  is  controlled  by  the  nucleation  rate.  As  the 
growth  rate  increases,  it  dominates  the  cell  lifetime. 
This  transition  is  illustrated  schematically  in  Fig.  6;  it  is 
seen  that  form  =  0.  the  cell  lifetime  changes  monotoni- 
cally  between  two  limiting  cases,  te.  between  nucleation 
and  growth  control.  However,  as  m  increases,  a 
minimum  in  the  cell  lifetime  develops  with  its  magni¬ 
tude  depending  on  the  ratio  of  k  jkn.  Moreover,  since 
the  concentration  of  Cl'  at  tne  electrode  surface 
depends  on  the  rate  of  precipitation,  the  ratio  kf,kn 
influences  in  the  cell  operating  potential. 

Calculalions[7]  show  that  in  systems  where  a  solid 
product  is  formed  in  the  course  of  the  charge  transfer 
reaction  occurring  in  a  porous  electrode  employing 
liquid  reactants,  the  cell  lifetime  can  be  altered  by  a 
factor  of  2.  or  more,  simply  by  changing  the  rate  of 
precipitation.  In  the  Li-SOCK  system,  a  change  in  the 
rates  of  nucleation  and  growth  affects  both  the  operat¬ 
ing  cell  voltage  and  cel!  lifetime. 

Circuit  analysis  of  the  porous  electrode 

Further  support  for  this  interpretation  of  the  in¬ 
fluence  of  Fe-Pc  on  cell  discharge  can  be  derived  from 


Fig.  6.  Cell  lifetime  as  a  function  of  k4/kn  ratio.  Curve  (ai 
m  =  0;  curve  (bl  m  =  1. 


an  analysis  of  the  electrical  circuit  analog  in  Fig.  5.  In 
this  analog,  the  behavior  of  the  porous  electrode  is 
represented  by  two  sets  of  factors  that  determine  the 
distribution  of  the  charge  transfer  current  density.  The 
first  set.  collected  in  Rc,  accounts  for  those  processes  in 
solution  that  contribute  to  ionic  transport  in  the 
direction  normal  to  the  electrode  surface;  these  are 
longitudinal  diffusion,  migration,  and  convective  flow. 
The  second  set,  the  interphase  impedance,  denoted  by 
Z,  represents  processes  occurring  within  the 
electrode-electrolyte  interphase.  A  large  value  of  Z 
promotes  a  more  uniform  distribution  of  the  charge 
transfer  current  density,  while  an  increase  in  the 
solution  resistivity.  Rc,  tends  to  shift  the  reaction  zone 
toward  the  electrode  surface  facing  the  separator. 

An  extension  of  cell  lifetime  is  usually  attributed  to 
achieving  a  more  uniform  distribution  of  the  charge 
transfer  current  density  which  permits  a  more  com¬ 
plete  utilization  of  reactants  stored  within  the  elec¬ 
trode  structure.  In  terms  of  the  electrical  circuit  analog, 
the  addition  of  Fe-Pc  acts  to  increase  the  total 
interphase  impedance  which,  for  a  complex  reaction,  is 
a  sum  of  the  impedances  of  all  of  the  in-series 
elementary  processes  comprising  the  overall  electrode 
reaction[21].  Thus,  although  j0.  the  quasi-exchange 
current  density  is  increased  or  the  impedance  of  the 
electrode  process.  Ze,  is  decreased ,  the  total  impedance 
of  the  interphase, 

Z  =  Z.A-r^Z,, 

I 

may  increase  upon  addition  of  Fe-Pc. 

Because  of  formation  of  the  prepassive  film  and 
growth  from  the  solution  phase,  the  effect  of  Fe-Pc 
addition  will  manifest  itself  through  the  change  in  the 
electrode  surface  area  which,  as  stated  earlier,  is 
governed  by  the  rate  of  nucleation  and  growth.  The 
ionic  transport  resistance  in  tiie  electrolyte  phase 
affects  the  current  density  distribution.  A  small 
amount  of  additive  is  not  expected  to  aiter  this 
resistance  to  an  appreciable  extent.  This  lesser  slope  of 
the  V{t)  curve  (Fig.  7)  indicates  film  formation  and 
growth  in  the  proximity  of  the  charge  transfer  surface, 
or,  alternatively,  an  expansion  of  the  electrode  struc¬ 
ture  due  to  the  pressure  expected  by  the  growing 
crystallites.  Both  of  these  effects  have  been  reported. 
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Fig.  7.  Schematic  representation  of  a  galvanostatic  discharge 
curve;  effect  of  change  in  kinetic  parameters. 


Other  factors 

The  importance  of  other  possible  factors  in  the 
performance  characteristics  of  the  Li-SOCl.  cell  can 
be  determined  from  the  modelling  predictions.  The 
effects  of  the  various  input  parameters  derived  under 
the  restrictive  conditions  of  immediate  precipitation 
are  summarized  in  Fig.  7.  The  calculated  discharge 
curve  is  for  the  cell  employing  an  acid  electrolyte.  The 
slope  of  the  F(n  curve  in  the  central  region  reflects  the 
growth  characteristics  of  the  LiCl  crystallites  gener¬ 
ated  by  the  discharge  process  occurring  within  the 
positive  electrode  porous  structure.  The  slope  and 
operating  voltage  are  rather  insensitive  to  the  value  of 
the  pre-exponential  factor  in  the  Butler- 
Volmer  current-potential  relation.  In  contrast,  the 
cell  lifetime  is  very  sensitive  to  this  factor,  primarily 
through  the  expression  adopted  for  the  change  in  the 
specific  surface  area,  which  contains  the  morphology 
parameter. 


CONCLUSION 

The  addition  of  Me-Pc's  to  a  Li-SOCl.  cell,  either 
dissolved  in  the  electrolyte  or  adsorbed  on  the  elec¬ 
trode  surface,  raises  the  operating  cell  voltage  and 
extends  its  lifetime.  In  practical  terms,  the  presence  of 
Me-Pc  increases  cell  power  output,  as  well  as  the 
extractable  energy  content,  at  moderate  current 
densities. 

The  exact  extent  of  the  Me-Pc  effect  on  the  reaction 
is  uncertain:  results  show  that  the  beneficial  effects 
diminish  with  an  increase  in  discharge  current.  The 
presence  of  Fe-Pc  increases  the  open-circuit  potential 
and  affects  the  rate  of  the  nucleation  process  and  the 
resultant  crystallite  morphology.  Such  behavior  is  not 
commonly  expected  for  a  catalyst,  in  the  classical 
definition  of  the  term. 


The  final  resolution  of  the  role  that  Fe-Pc  or  other 
additives  play  in  the  course  of  Li-SOCl;  cell  discharge 
awaits  more  definitive  information  on  the  mechanism 
of  SOCl2  electroreduction.  Regardless,  additives  im¬ 
prove  ceil  lifetime  and  do  so  through  a  modification  of 
the  LiCl  precipitation  process. 

The  practical  implication  of  this  discussion  is  that 
the  electroreduction  process  is  represented  by  a  com¬ 
plex  path  that  cannot  be  described  unambiguously. 
Thus,  it  is  not  surprising  that  even  small  changes  in 
manufacturing  processes  may  result  in  unexpected, 
and  often,  undesirable  performance  characteristics. 
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Summary 

The  distribution  of  power  losses  in  an  operating  electrochemical  power 
source  of  pile  construction  provided  with  a  common  manifold  is  discussed. 
The  developed  relationships  yield  information  that  can  guide  the  battery 
design  to  meet  a  priori  specified  requirements.  Selected  illustrative  examples 
pertain  to  the  Li/SOCl2  system. 


Introduction 

Two  types  of  designs  for  high-power-output,  energy-dense,  electro¬ 
chemical  systems  are  under  active  development:  (i)  the  flowing  electrolyte 
and  (ii)  the  static  electrolyte,  reserve  type,  thin  cell  approach.  Both  designs 
utilize  a  modular  concept  and  both  have  a  common  manifold  which  provides 
the  means  for  maintaining  forced  flow  of  the  electrolyte  or  activating  the 
battery. 

In  the  course  of  an  assessment  of  the  battery  operational  capabilities, 
information  on  power  output  and  efficiency  are  often  required.  Calculations 
yielding  this  information  are  relatively  simple  for  single  cells  or  batteries 
without  a  common  electrolytic  path,  but  they  are  more  difficult  when 
a  common  manifold  is  employed.  In  such  designs,  the  optimization  procedure 
must  consider  all  losses,  including  those  attributed  co  the  intercell  currents, 
a  consideration  only  rarely  treated  in  the  literature  [1]. 

This  communication  examines  only  the  effect  of  intercell  currents  on 
the  power  density  and  efficiency  of  an  operating  electrochemical  system. 
The  method  is  general  —  the  examples  to  illustrate  the  selected  points 
pertain  to  the  Li/SOCb  batteries.  The  assumptions  underlying  the  treatment 
are  identical  with  those  used  in  ref.  2. 


General  consideration 

An  electrochemical  cell  is  a  constrained  system  that  reacts  spontaneously 
as  the  constraints  are  removed.  In  principle,  the  removal  of  constraints,  i.e. , 


♦Author  to  whom  correspondence  should  be  addressed. 
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the  cell  discharge,  can  be  carried  out  reversibly;  in  practice,  however, 
irreversible  processes  do  occur,  thus  reducing  the  extractable  energy  content. 
As  a  rule,  the  analysis  of  energy  conversion  is  performed  under  restrictive 
conditions  of  a  constant  pressure  and  temperature.  Under  these  conditions, 
by  combining  the  first  and  second  laws  of  thermodynamics,  eqns.  (1)  and 
(la)  hold  for  a  single  cell 

(U-V)JX  =  T  £  (d (S)k  (1) 

fc  =  1 
or 

{U  —  V)J\  =  J\RZ  (la) 

where  terms  on  the  right  side  of  eqns.  (1)  and  (la)  account  for  the  rate  of 
heat  generation  by  the  K  irreversible  processes  associated  with  the  flow  of 
current,  J\.  As  written,  Rz  in  eqn.  (la)  is  the  cell  internal  impedance,  i. e. ,  it 
includes  losses  due  to  anodic  and  cathodic  overpotentials  (ref.  2,  eqns.  (11) 
and  (13)).  Consequently,  eqn.  (1)  is  the  basis  for  the  examination  of  the 
effect  of  intercell  currents  on  both  the  power  delivered  to  the  load  and  the 
cell/battery  efficiency.  Furthermore,  as  written,  eqn.  (1)  states  that  the 
difference  between  the  cell/battery  own  power  and  that  delivered  to  the  load 
appears  in  the  form  of  Clausius  uncompensated  heat,  which  must  be  removed 
to  maintain  constant  temperature  (3).  Here,  the  battery  own  power  is 
equivalent  to  the  power  of  irreversibility,  as  defined  by  van  Rysselberghe 
[4] .  Moreover,  for  a  single  cell,  or  in  the  absence  of  intercell  currents,  eqn. 
(2)  applies 

^c,  n  -  /«.  n  =  J\  (2) 

because  the  electrode  currents,  7ari  and  7C,  „,  are  also  equal  to  the  load 
current,  J\. 

From  Fig.  1,  where  the  potential  distribution  across  the  discharging  cell 
is  schematically  illustrated,  we  have 

U=UC-U>  (3) 

and 

V=Vc-Va  (3a) 

Substitution  of  eqns.  (2)  and  (3)  into  eqn.  (1)  yields,  after  rearrangement, 
eqn.  (4) 

(UCIC  -  UM  -  (Vc/c  -  V./.)  =  T  £  (d,S)„  (4) 

k«i 

Identifying  the  first  term  in  eqn.  (4)  as  the  cell  own  power,  Pb,  and  the 
second  term  as  the  power  into  the  load,  Px,  we  can  now  examine  the  effect 
of  the  presence  of  intercell  current,  7„,  on  the  power  output  as  well  as  cell/ 
battery  efficiency  through  the  relationship,  eqn.  (5),  see  Fig.  2. 

7c.  n  ~  7n  +  7t>  n 
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(5) 


DISTANCE 


Fig.  2.  Module  representation  by  electric  circuit  analog.  Vj_lt  cell  voltage;  ‘fcf-i,  potential 
at  inlet  to  (i  —  l)th  cell;  j,  /c  i  and  /t,  anode,  cathode  and  intercell  current,  respectively; 
Ji,  circulating  current;  J\,  loop  current  in  external  resistor,  R\\  Rt,  manifold  feed-line 
resistor;  Rt,  equivalent  fill  tube  resistor. 


However,  the  right  hand  side  of  the  generalization  of  eqn.  (4)  will  no  longer 
have  the  simple  dependence  on  J\  indicated  in  eqn.  (la),  because  it  must 
include  losses  in  the  manifold  as  well  as  losses  within  cells  themselves 
generated  by  intercell  currents. 


Power  losses 

Limiting  the  discussion  to  losses  associated  with  the  presence  of  a 
common  electrolytic  path,  we  have,  for  the  arrangement  shown  in  Fig.  2, 
the  battery  own  power  and  the  power  delivered  to  the  load,  given  by  the 
relationships,  eqns.  (6)  and  (6a),  respectively 

Pb=  £  (t/c.n/c.n-tWa.n)  (6) 

n  =  1 

and 

2  (V'c.n/c.n-  VV  „/..„)  (6a) 

n=  1 

In  the  case  of  a  battery  employing  identical  cells  with  constant  param¬ 
eters,  using  relationships  derived  previously  [2],  viz. 

N 

2  /„«o 

n=  1 


2  4,  n  =  NJl  +  2  J" 

n  =  1  n  =  1 

eqns.  (6)  and  (6a)  become  eqns.  (7)  and  (7a) 


2  J») 


Pi -J  i  2  v. 


Using  eqn.  (8) 
n  ,  NU-  Jt{ R,  +  NRt) 

2  Jn  *  - n - 

n  *  1 

and  expressing  Jj  in  terms  of  battery  voltage  and  design  parameters,  ref.  2, 
eqn.  (28),  we  obtain 


Rz  \N(l-$)Rz+Rx 
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Similarly,  using  the  relationship 


N 

2 


n=  1 


Vn  =  RlJl 


we  have  for  the  power  delivered  to  the  load,  eqn.  (10) 
N(1-$)U  12 


P.  = 


Pj  +  w-nPzJ 


Ri 


(10) 


The  battery  power  consumed  in  all  processes,  including  the  presence  of 
intercell  currents,  is  obtained  upon  subtracting  eqn.  (10)  from  eqn.  (9).  The 
result  in  a  dimensionless  form  is  given  by  eqn.  (11) 


i - i;  +  Sp  _  l-f  la 
i -t  +  p  pli-f  +  p 


(ii) 


where  the  two  terms  on  the  right  are  dimensionless  powers,  IIa  =  RzPa/NU 2 
with  a  =  b,  1,  respectively,  and  the  dimensionless  resistance  p  =  RXINRZ. 

The  parameter  f,  appearing  in  eqns.  (9)  -  (11),  is  related  to  the  battery 
design  as  well  as  to  the  electrochemical  system  employed  [2],  This  relation¬ 
ship  is  given  by  eqn.  (12) 


r- 


R, 

Rt  +  Rz 


1 


(X^-lMX  +  l) 
JV(XN  +  1)(X  -  1) 


where 


X  -  1  + 


Rt  +Rz 
2Rt* 


Rt  +  Rz 

2  Rf* 


Rt  +  RzX 
2  Rt*  I. 


1/2 


and 


Rt*  =  Rt  +  Rp- R, 


Vo.a 


ft'-'C 


(12) 


(12a) 


(12b) 


The  respective  resistances  are  identified  in  Fig.  2  except  for  the  Rp  which  is 
the  distributed  resistance  at  the  port  entrance  of  the  cell. 

A  plot  of  the  dimensionless  quantities  na  as  a  function  of  log  p,  eqns. 
(9)  and  (10),  is  shown  in  Fig.  3.  Evidently,  the  power  into  the  load  exhibits  a 
maximum  at  p  =  1  —  f ,  while  the  battery  own  power  decreases  monotonically 
with  an  increasing  p  and,  in  the  limit,  as  p  <»,  IIb  -*■  f . 

Equation  (11),  the  measure  of  all  losses  associated  with  the  battery 
operation,  including  those  due  to  the  presence  of  the  common  electrolytic 
path,  can  be  examined  with  the  aid  of  Fig.  3.  For  a  given  f,  this  power 
consumption,  Ilb—  FI  i  increases  from  f  to  1  with  decreasing  p.  For  p  less 
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Fig.  3.  Plot  of  dimensionless  power,  na,  with  a  =  1,  b  as  a  function  of  dimensionless  resis¬ 
tance,  p,  for  f  =  0,  0.1  and  0.2,  as  indicated. 

than  1  —  f,  it  increases  rapidly  becoming,  in  effect,  independent  of  whether 
or  not  a  common  electrolytic  path  is  maintained. 


Distribution  of  power  losses 

The  distribution  of  power  losses  can  be  conveniently  examined  with  the 
aid  of  eqns.  (4),  (6)  and  (6a).  Considering  Fig.  2,  the  total  losses  are  separated 
into  their  components  by  an  assumed  electric  circuit  analog;  in  eqn.  (4)  these 
losses  are  expressed  by  the  term 

T  2  (d,S)» 

1 

We  can  now  identify: 

(i)  losses  occurring  within  the  cells,  with  or  without  intercell  currents 
present,  eqn.  (13); 

(ii)  losses  in  the  manifold  tube,  eqn.  (14); 

(iii)  losses  in  the  feed  lines,  eqn.  (15) 


Pz=Pb-Pl-Pt-Pf 
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(13) 


where 


Pt  =  Rt  £  Ji2  (14) 

!  =  1 

and 

P,  -  2  (15) 

i-  1 

When  there  are  no  intercell  currents,  eqn.  (2)  holds  and,  under  the  conditions 
leading  to  eqn.  (1),  eqn.  (13)  would  become  eqn.  (16) 

jwia£  as) 

i=  1 

This  equation,  along  with  eqns.  (14)  and  (15),  would  then  provide  the 
cell-to-cell  distribution  of  power  losses,  because  each  term  in  these  equations 
can  be  assigned  to  a  particular  location  in  the  battery.  However,  in  the  presence 
of  intercell  currents,  the  total  power  loss  specified  by  eqn.  (13)  cannot  be 
distributed  among  the  cells  without  additional  assumptions.  These  assump¬ 
tions  are  required  by  the  application  of  the  trapezoidal  rule  to  certain 
integrals  in  the  model  of  ref.  2,  eqns.  (A-4)  -  (A-7).  Consequently,  the  inter¬ 
cell  currents,  /,-,  in  eqn.  (15)  consider  only  the  current  and  conductivity 
distribution  on  the  electrodes  and  not  the  details  of  the  complicated  current 
and  conductivity  distributions  that  actually  exist  in  the  region  near  the 
entrance  port. 

The  results  of  a  sample  calculation  using  the  data  from  Table  1,  ref.  2, 
applied  to  a  40-cell  Li/SOCl2  battery  being  discharged  through  an  external 
load  of  20  £2  with  the  load  current  Jy  =  6.727  A,  are  given  in  Table  1.  In  this 
example,  the  total  unaccounted  power  loss  of  1.3  W,  which  is  attributed  to 
the  intercell  current  flow  into  the  cells,  is  a  small  fraction  of  the  total  power 
loss.  The  difference  between  eqns.  (13)  and  (16)  cannot  be  calculated  with 
the  present  model  for  a  particular  cell;  furthermore,  in  situations  where  the 
intercell  currents  are  large,  eqn.  (16)  should  not  be  used. 

Experience  shows  that  often  in  the  course  of  the  discharging  of  an 
Li/SOCl2  battery,  in  addition  to  normal  changes  taking  place  within  a  cell, 
dendritic  Li  growths  appear  in  the  feed  lines  at  the  negative  end  of  the 
battery  and  corrosion  damage  is  found  localized  at  the  positive  end  [2].  The 
dendritic  growth  occurring  in  the  feed  lines  reduces  resistance  in  the 
electrolyte,  causing  a  shift  in  the  distribution  of  intercell  and  circulating 
currents  (ref.  2,  Fig.  9).  This  shift  affects  both  the  profile  and  the  magnitude 
of  the  dissipative  processes  in  the  manifold.  An  example  of  this  time 
dependence,  calculated  as  in  ref.  2,  for  the  above  40  cell  battery,  is  shown 
in  Fig.  4  where  the  profiles  of  the  power  dissipation  in  the  manifold  at  t  =  0, 
r  =  0.15,  and  near  the  end  of  cell  lifetime,  i.e. ,  at  r  =  0.9,  Fig.  4(a),  (b)  and 
(c),  respectively,  are  displayed.  It  is  seen  that  at  r  =  0,  this  profile  is  symmet¬ 
rical  with  the  maximum  dissipation  occurring  at  the  battery  ends  and  showing 
minima  at  the  5th  and  35th  cells.  With  the  passage  of  time,  however,  the 
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TABLE  1 

Power  dissipation  in  a  40  cell  Li/SOCl2  module* 
(Input  data,  ref.  2,  Table  1.) 


Design  parameters 

A  =  1.159 
f  =  7.236  x  10“4 
p  =  14.36 

Rz  =  3.482  X  10~2  Q 

Rt  =  31.83  n 

Rf  = 1457  Q 

Rf*  =  1463  £2 

Power  distribution 

Battery  own  power 

Pb,  eqn. (9) 

987.7  W 

Power  into  load 

Pi,  eqn.  (10) 

905.0  W 

Power  into  manifold  tube 

Pm,  eqn.  (14) 

7.096  W 

Power  into  feedlines 

Pf,  eqn.  (15) 

2.302  W 

Power  dissipated  within  a  cell 
Unaccounted  power** 

Pz,  eqn.  (16) 

63.03  W 

3.32  X  10~2  W/cell 

*Data  from  Table  1,  ref.  2,  used  in  this  calculation. 

♦♦Difference  between  Pz  calculated  from  eqn.  (13)  and  eqn.  (16). 


CELL  NUMBER 


Fig.  4.  Distribution  of  power  losses  in  a  40  cell  module,  with  a  20  £2  load,  (a)  at  T  =  0; 
J i  =  6.727  A;  Pb  =  978.7  W;  Pz  =  64.36  W;  Pi  =  905.0  W.  (b)  at  r  =  0.15;  J\  =  6.701  A; 
Ph  =  819.2  W;  Pz  =  67.75  W;  Px  =  898.1  W.  (c)  at  r  =  0.9;  Jx  =  5.804  A;  Pb  =  846.3  W; 
Pz  =  164.2  W;  Pi=  673.6  W;  Pz  calculated  from  eqn.  (13);  P{,  dashed  lines;  Pt,  light  solid 
lines;  Pf  +  Pt,  heavy  solid  lines. 


distribution  of  the  dissipative  processes  shifts  toward  the  battery  negative 
end  and  increases  somewhat  in  magnitude  because  of  the  increased  dissipa¬ 
tion  in  the  manifold  tube.  Very  small  changes  are  observed  at  the  positive 
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Fig.  5.  Discharge  time  dependent  distribution  of  power  losses  in  a  40  cell  module  with  a 
20  load  and  having  defective  central  cells,  (a)  at  7  =  0;  J\  =  6.685  A;  Pb  =  972.7  W;  Pz  = 
69.56  W;  Pi  =  893.9  W.  (b)  at  r  -  0.15;  Ji  =  6.509  A;  Pb  =  948.9  W;  Pz  =  91.21  W;  Pi  = 
847.2  W.  (c)  at  r  =  0.3;  J\  =  0.3472  A;  Pb  =  47.83  W;  Pz  =  1.251  W;  Pi  =  2.412  W.  Defi¬ 
ciency  factor  w  =  0.2  for  cells  14,  15  and  16;  Pz  calculated  from  eqn.  (13);  Pf,  dashed 
line;  Pt,  light  solid  line;  Pf  +  Pt,  heavy  solid  line. 


end.  At  the  end  of  the  discharge,  z.e. ,  at  r  >  1,  not  shown,  the  residual 
dissipative  losses  become  small. 

Another  example  of  a  manifold  power  loss  profile  is  illustrated  in  Fig.  5. 
In  this  example,  it  is  assumed  that  in  the  40  cell  module,  the  14th,  15th  and 
16th  cells  are  defective,  with  w  =  0.2.  Here,  w  denotes  the  computational 
deficiency  factor  introduced  to  account  for  cell  component  variation  [2]. 
It  is  seen  that  a  defective  cell  or  a  series  of  such  cells,  can  cause  a  concentra¬ 
tion  of  dissipative  processes  and,  therefore,  produce  a  localized  heat  source 
of  a  substantial  magnitude.  Obviously,  creation  of  such  heat  sources  is 
undesirable  because  they  may  lead  to  catastrophic  events  [5]. 


Condition  for  trade-off  between  the  P\  and  extractable  energy 

As  shown  in  Fig.  3,  in  the  absence  of  intercell  currents,  f  =  0,  the 
maximum  power  delivered  to  the  load  occurs  when  p  =  1,  i.e. ,  when  the 
battery  internal  resistance  equals  the  external  load,  f?j  =  NRZ.  Under  this 
condition,  half  of  the  stored  energy  is  delivered  to  the  load.  In  the  presence 
of  intercell  currents,  the  maximum  power  is  realized  when  p  =  1  —  J,  with 
only  the  fraction,  (1  —  J)/2(l  +  f),  of  the  stored  energy  delivered  to  the  load. 

In  practice,  it  is  often  desired  to  discharge  a  battery  under  conditions 
that  maximize  the  use  of  stored  energy.  These  conditions  are  summarized  in 
Fig.  6  where  it  is  seen  that  in  the  absence  of  intercell  currents,  the  load  p 
should  be  as  large  as  practical  since  the  ratio  P\jPc  increases  monotonically 
with  p.  However,  with  intercell  currents  present,  this  ratio  has  a  maximum 
when  p  =  (1  —  Of  I/2-  Asp  increases  beyond  this  point,  the  power  dissipation 
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DIMENSIONLESS  RESISTANCE/log  p 

Fig.  6.  Conditions  for  choosing  the  load  resistance  for  either  maximum  Pi  or  minimum 
battery  power  dissipation.  Point  A,  max  P\/Pb  for  f  =  0.01.  Shaded  area  indicates  the 
region  of  p  where  an  inverse  relation  exists  between  P\  and  Pi/Pb  for  ?  =  0.01. 


TABLE  2 

Values  of  dimensionless  quantities  at  the  trade-off  limits 


p 
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d-f)r-i/2 
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Pm 
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— 
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Fig.  7.  Plot  of  design  criteria  listed  in  Table  2.  Points  B,  C,  D  and  E  are  values  obtained 
for  the  value  of  p  indicated  by  point  A.  Heavy  curves  have  ordinate  scale  on  the  right. 


by  intercell  currents  decreases  less  rapidly  than  that  delivered  to  the  load. 
Consequently,  the  design  range  to  trade-off  power  into  load  against  the 
material  utilized  is  1  —  £<p<(l  —  J)f~1/2.  Outside  this  range  both  power 
and  stored  energy  delivered  to  the  load  decrease. 

The  information  given  in  Table  2,  and  illustrated  in  Fig.  7,  can  be  used 
in  two  ways.  First,  a  range  of  load  resistances  can  be  determined  from  the 
knowledge  of  f,  e.g. ,  point  A;  so  that  at  the  lower  end,  e.g.,  point  B,  the 
maximum  power  is  delivered;  and  at  the  upper  end,  e.g.,  point  C,  the  maxi¬ 
mum  amount  of  material  is  used.  These  maxima,  respectively  points  D 
and  E,  can  be  found  as  well.  Second,  the  factor  f  can  be  designed  to  provide 
either  a  specified  maximum  power  delivery  or  a  specified  material  utilization. 
For  example,  requiring  either  the  maximum  power  delivery  or  material  use 
to  be  greater  than  that  indicated  by  points  D  and  E,  respectively,  would  limit 
log  f  to  be  less  than  the  value  indicated  by  point  A.  Additionally,  Lm  the 
relative  loss  of  maximum  material  use,  and  Lp  the  relative  loss  of  power 
delivery,  are  listed  in  Table  2.  Evidently,  the  presence  of  intercell  currents 
produces  a  greater  relative  decrease  in  material  use  than  in  power  delivery. 

2-41 

L_  _ _ _ _ 


226 


For  example,  if  f  =  0.01,  LM  is  0.18  at  maximum  material  use  and  0.02  at 
maximum  power  delivery;  while  Lp,  defined  only  for  maximum  power 
delivery,  is  0.01. 


Conclusions 

(i)  A  simple  model  devised  for  the  analysis  of  intercell  currents  in 
batteries  of  pile  construction  with  a  common  manifold  accounts  for  dissipative 
losses  occurring  during  discharge  and  gives  their  distribution  for  small  inter¬ 
cell  currents. 

(ii)  The  initial  distribution  of  dissipative  processes  is  symmetrical.  How¬ 
ever,  in  the  course  of  battery  discharge,  a  shift  in  the  distribution  occurs.  Its 
magnitude  is  governed  by  the  charge  transfer  reactions  and  the  design  of 
manifold. 

(iii)  Defective  cells  may  create  highly  localized  heat  sources  which,  in 
turn,  may  initiate  a  catastrophic  event. 

(iv)  The  use  of  active  material  cannot  be  indefinitely  increased  by  increas¬ 
ing  the  load  resistance,  and  the  relative  loss  in  use  of  active  material  exceeds 
the  relative  loss  in  power  delivery. 
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List  of  symbols 

I  Intercell  current  (A) 

J  Loop  current  (A) 

L  Relative  loss 

N  Number  of  cells 

P  Power  (W) 

R  Resistance  (£2) 

S  Entropy,  JK~l 

T  Temperature  (K) 

U  Cell  voltage  at  zero  current  ( V) 
V  Cell  voltage  (V) 

w  Ceil  deficiency  factor 
a  Index 

f  Loss  parameter 

t?  Overpotential  (V) 

X  Design  parameter 
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n  Dimensionless  power 

p  Dimensionless  resistance 

o  Cell  conductivity  (S  cm-2) 

Subscripts 
a  Anodic 

b  Battery  own 

c  Cathodic 

f  Manifold  feed  line 

i  Running  index 

k  Running  index 

M  Material 

n  Running  index 

p  Cell  port 

P  Power  (W) 

1  Load 

t  Manifold  tube 

z  Cell 

*  Refers  to  equivalent  quantities 
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The  structural  aspects  of  the  A1C13-S0C12  system  have  been  examined  by 
vibrational  spectroscopy.  The  SOCl2  molecule  exhibits  amphoteric  charac¬ 
ter,  i.e.  it  can  act  simultaneously  as  a  donor  through  the  oxygen  atom 
and  as  an  acceptor  through  the  sulphur  atom.  The  liquid  state  contains 
loosely  bound,  open-chain  dimers/oligomers,  (Cl2SO)„  with  n  >  2.  The 
dissolution  of  A12CIS  in  SOCl2  occurs  dissociatively  with  the  formation  of 
Cl2SO  -+  Aid,  adducts.  At  higher  A1C1S  concentrations,  an  increase  in 
solution  electrical  conductivity  is  attributed  to  the  reaction  : 

2  Cl2SO  -  A1C13  [C12A1(«-  OSCl2)2]+  +  A1CI; 


Hecht,1  followed  by  Spandau  and  Brunneck2  proposed  the  existence  of  1 : 1  and  2: 1 
AlCl3-SOCl2  adducts.  In  the  early  1960s,  Long  and  Bailey3  examined  the  structural 
features  of  these  adducts  and  concluded  that  complexation  occurred  through  the 
oxygen  atom  of  SOCl2.  A  few  years  later,  Aubom  and  co-workers4  employed  this  system 
in  the  construction  of  Li  galvanic  cells  of  highest  practical  energy  densities.  Their  work 
prompted  further  inquiry  into  the  nature,  structure  and  reactivity  of  the  various 
SOCl2  complexes  associated  with  the  Li-SOCl2  cell  operation. s~8 
Here,  we  discuss  the  structure  of  neat  SOCl2  and  is  reactivity  through  interaction  with 
a  set  of  selected  miscible  liquids.  We  include  an  analysis  of  the  structural  changes  and 
species  produced  by  the  addition  of  A12C1S  to  S0C12.8 


Experimental 

Chemicals 

Thionyi  chloride  was  refluxed  under  an  argon  or  helium  atmosphere  to  remove 
dissolved  HC1  and  S02  with  the  end  point  indicated  by  pH  paper  located  in  the  gas  exit 
stream.  The  SOCl2  was  then  distilled  and  the  middle  fraction  was  collected  and  stored 
under  argon.  Aluminium  chloride,  benzene,  carbon  tetrachloride  and  hexanes,  all  of 
spectroscopic  grade  (Fluka),  and  toluene  and  methylene  chloride  (Aldrich,  gold  label) 
were  used  as  received. 

Solutions 

All  solutions  were  prepared  in  a  glove  bag  by  diluting  known  volumes  of  SOC1.,  with 
CCI,,  CHsCI2,  C,Hu  or  C4HjCHs.  The  AlCl,-SOCl2  solutions  were  prepared  from 
known  amounts  of  A12C1(  and  Altered  through  a  glass-flbre  Alter  prior  to  use. 
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Instrumentation 

Infrared  spectra  were  obtained  on  a  Nicolet  5DXB  FT-IR  spectrometer  with  a 
resolution  of  2  cm-1.  Standard  demountable  cells  with  NaCl  windows  were  used 
throughout.  The  pathlength  was  maintained  at  2.5  x  10-s  m;  spectra  were  subtractively 
normalized  to  compensate  for  solvent  absorption. 

The  Raman  spectra  were  recorded  on  a  system  comprising  a  Lexel  model  85  Ar-ion 
laser  emitting  at  488  nm,  which  was  chopped  at  20  Hz,  a  sample  chamber  with  coupling 
and  collecting  optics,  a  Spex  model  1400—1 1  scanning  double  monochromator  with 
photon-counting  preamplifier  and  line  driver,  a  photon-counting  integrator9  and  a 
digital  synchronous  detector.  The  samples  were  contained  in  a  Helma  model  162  F 
stoppered  quartz  cell.  The  cell  chamber  was  flushed  with  dry  nitrogen  to  prevent 
condensation  on  the  cell  windows  when  operating  below  room  temperature.  Tem¬ 
peratures  were  controlled  to  within  ±0.1  °C.  Most  of  the  spectra  were  recorded  at  a 
laser  power  of  50  mW. 


Resolution  of  Spectral  Bands 

The  recorded  infrared  absorption  and  Raman-scattering  bands  were  computer-analysed 
and  decomposed  into  their  component  Voigt  profiles  using  a  previously  described 
procedure.10  In  a  dynamic  system,  comprising  a  number  of  species,  N,  with  overlapping 
spectral  lines,  the  experimentally  observed  spectral  band  intensity,  f(v),  is  a  superposition 
of  at  least  N  lines,  and  can  be  approximated  by  eqn  (1) 

/(v)  =  C0(v-a)+SCj;.(...)  (1) 

(-1 

where  a,  C0  and  C,  are  adjustable  parameters  and /(...)  is  defined  by  eqn  (2) 


/(v,  v0,AvL,AvG) 


2  In  2  Av,  f"  exp(-/) 

«*  AvSj_xa’  +  (>— co)2^ 


(2) 


where  a  -  AvL  v/(ln2)/Avc,  to  =  2(v- v0)  v'On  2)/Avc, 

and  v0,  Avl  and  Avc  are,  respectively,  the  centre  frequency,  and  the  full  widths  at  half 
maximum  of  the  Lorentzian  and  Gaussian  distributions  that  characterize  the  line.  The 
linear  term  C0(v—a )  has  been  added  to  account  for  a  sloping  baseline. 


Molecular-orbital  Calculations 

Calculations  were  performed  using  ampac,  a  general  purpose,  semi-empirical  molecular- 
orbital  package  developed  at  the  University  of  Texas  (Austin,  TX).  These  calculations 
yield  information  on  electronic  and  core-core  repulsion  energies,  heats  of  formation  and 
vibrational  frequencies. 


Results  and  Discussion 

The  molecular  structure  of  a  liquid  arises  from  interactions  between  neighbouring 
molecules.  This  premise  allows  us  to  follow  structural  changes  as  the  molecules  adapt 
themselves  to  the  changing  environment,  e.g.  to  changes  in  solution  composition  or 
temperature.  For  example,  SOCl2,  being  an  amphoteric  molecule,  may  form  dimers/ 
oligomers.  In  the  more  complex  A1C1?-S0C12  system,  such  interactions  can  lead  to  the 
formation  of  molecular  adducts  and  ionic  species.* 
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Fig.  1.  Raman  spectrum  of  neat  S0C12:  vibrational  modes  and  assignments. 


Method  of  Analysis 

The  SOCl2  molecule  is  of  the  ZXY2  type  and  a  member  of  the  Cs  symmetry  point 
group.11  It  has  six  normal  modes  of  vibration,  all  Raman  and  infrared  active.  The 
Raman  spectrum  of  neat  SOCl2  and  the  assignments  are  shown  in  fig.  1.  The  structural 
characteristics  of  SOCl2  in  the  liquid  state  as  well  as  the  AICl3-SOCl2  system  are 
ascertained  by  examining  the  position  and  lineshape  of  Vj(A'),  the  symmetric  S — O 
stretching  vibration  at  1231  cm-1  and  the  v2(A')  and  v5(A')  symmetric  and  asymmetric 
S — Cl  stretching  vibrations  at  492  and  455  cm-1,  respectively;  these  vibrational  modes 
are  sensitive  to  changes  in  the  charge  distribution  arising  from  molecular  interactions. 

The  S=0  bond  of  SOCl2  has  partial  double  bond  character  which  results  from  the 
superposition  of  p;r  -» drt  back-bonding  from  O  to  S  upon  the  S  -►  O  a  bond.12  According 
to  the  valence-shell  electron-pair  repulsion  (VSEPR)  model,  bonding  through  the 
oxygen  atom  should  lessen  the  p7t  -*  drc  back-bonding  and,  hence,  lower  the  S=0  bond- 
order  and  stretching  frequency.  Conversely,  bonding  through  the  sulphur  atom  increases 
the  pjt  -* drc  back-bonding,  thus  raising  the  S — O  stretching  frequency.  Withdrawal  of 
electron  density  from  the  S=0  bond  will  decrease  the  repulsion  between  the  lone  pair 
of  electrons  on  the  sulphur  and  the  chlorine  atoms  of  SOCl2,  which,  in  turn,  strengthens 
the  S — Cl  bonds  and  shifts  the  symmetric  and  asymmetric  S — Cl  stretching  vibrations 
to  higher  frequency.  Moreover,  coordination  through  the  sulphur  atom  will  reduce  the 
repulsion  between  the  sulphur  lone  pair  of  electrons  and  the  chlorines,  also  shifting 
the  symmetric  and  asymmetric  S — Cl  stretching  vibrations  to  higher  frequencies. 
Examples  of  this  kind  of  behaviour  have  been  reported  for  the  metallic  complexes  of 
(CH3)2SO,  in  which  complexation  with  Zn2+,  Al3+,  Ni2+,  Co2+,  Fe2+  and  Fe3+  ions  occurs 
through  the  oxygen  atom  while  complexation  with  Pd2+  and  Pt2+  occurs  through  the 
sulphur  atom.13 

Thionyl  Chloride  in  the  Liquid  State 

In  the  liquid  state,  the  S — O  stretching  frequency  is  at  1231  cm-1;  whereas,  in  the 
gaseous  state  it  occurs  at  1251  cm-1.14  This  rather  small  shift  to  lower  frequency  upon 
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wavenumber /'cm-1 


Fig-  2.  Decomposition  of  S — O  stretching  spectral  band  of  neat  SOCl2  into  Voigt  profiles: 

A,  23.5  °C;  B,  -20.0  °C. 


condensation  of  SOCl2  implies  that  the  intermolecular  interactions  are  weak.  At  23.5  °C 
the  S— O  stretch  of  neat  SOCl2  at  1231  cm"1,  shown  in  fig.  2,  is  actually  a  composite 
band  which  has  been  resolved  into  two  Voigt  profiles  with  peaks  at  1242.6  and 

1230.5  cm"1,  profiles  (a)  and  (b)  respectively.  However,  at  —20  °C  the  S — O  stretch  of 
neat  SOCL  can  be  resolved  into  three  Voigt  profiles  with  peaks  at  1243.5,  1230.8  and 

1221.5  cm"1,  profiles  (a),  ( b )  and  (c),  respectively,  in  fig.  2.  This  band  structure  suggests 
that  pure  SOCl2  is  a  weakly  associated  liquid,  which,  in  view  of  the  rather  low  latent  heat 
of  vaporization  and  the  numerical  value  of  the  slope  of  the  fluidity  as  a  function  of 
specific  volume,8  indicates  the  presence  of  small,  interacting  molecular  clusters. 

The  existence  of  the  association  implies  that  the  SOCl2  molecule  is  amphoteric,  i.e.  it 
acts  simultaneously  as  a  donor  through  the  oxygen  atom,  and  as  an  acceptor  through 
the  sulphur.  Thionyl  chloride  may  self-associate  in  two  ways;  via  sulphur- to-oxy gen 
bonding  in  either  a  cyclic-dimer  form,  or  an  open  chain  form,  which  may  contain  more 
than  two  members,  and  via  sulphur-sulphur  association.  In  longer  chains,  a  cooperative 
effect  may  increase  the  donor  character  of  the  S=0  bond. 

Dilution  experiments  were  performed  to  determine  the  structure  of  the  associated 
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species  of  SOCl2.  Infrared  spectroscopy  was  used  to  examine  the  changes  in  the  lineshape 
and  position  of  the  S — O  stretching  vibrational  band  upon  dilution  in  three  types  of 
solvents:  (a)  poor  acceptors  (inert  solvents),  e.g.  C#HU  and  CC14;  ( b )  ^-interacting 
solvents,  e.g.  C4H5CH3;  and  (c)  a  polar  liquid,  e.g.  CH2C12  (with  n—  1.6  Df).15  On  the 
basis  of  the  VSEPR  model,  as  well  as  more  general  donor-acceptor  considerations,1®  the 
following  characteristics  of  the  S — O  stretch  of  the  monomer  and  associated  species  of 
SOCl2  are  expected.  For  a  monomer,  the  S— O  stretching  vibrational  peak  should  .be 
fairly  narrow  and  its  peak  position  should  be  solvent  dependent.  The  cyclic  dimer, 
should  also  exhibit  a  fairly  narrow  peak  but  its  position  should  be  relatively  solvent 
independent.  Furthermore,  because  of  the  decrease  in  repulsion  between  the  lone  pair  of 
electrons  on  the  sulphur  atom  and  the  negative  charge  on  the  chlorine  atoms,  the 
separation  between  the  S — Cl  symmetric  and  asymmetric  stretches,  v2  and  v5, 
respectively,  should  be  less  than  that  for  the  monomer.  For  an  open  chain  dimer/ 
oligomer,  the  peak  position  of  the  S — O  stretching  frequency  is  expected  to  be  solvent 
dependent  and  the  peak  should  be  broader  than  that  of  the  monomer.  The  open-chain 
dimer  probably  has  two  different  S=0  bonds.  The  extent  to  which  these  differ  will 
depend  on  the  strength  of  the  interaction  within  the  dimer.  If  the  strength  of  the 
interaction  were  on  the  order  of  an  ionic  or  covalent  bond  then  both  these  5=0 
vibrational  bands  would  be  observed.  However,  as  the  strength  of  the  interaction 
decreases,  the  separation  between  these  two  bands  would  also  decrease  eventually 
resulting  in  one  broad  band.  This  would  be  the  expected  result  for  dipole-dipole  and 
dipole-induced-dipole  interactions.  Finally,  the  separation  between  v2  and  v5  is  expected 
to  be  greater  for  the  open  dimer  than  for  the  monomer  due  to  increased  repulsion 
between  the  chlorines  and  lone  pair  of  electrons  on  the  sulphur  atom. 

Results  of  dilution  experiments  are  as  follows.  In  all  solvents,  within  the  SOCl2 
concentration  range  studied,  the  S — O  Voigt  profile  at  1221.5  cm-1,  v(c)  in  fig.  2,  is  not 
observed.  For  this  reason  and  the  fact  that  it  is  observed  only  in  neat  SOCl2  at  low 
temperatures,  this  band  is  attributed  to  higher  aggregates,  i.e.  to  trimers,  tetramers  etc. 
Furthermore,  it  is  seen  that  the  peak  position  of  the  other  two  Voigt  profiles  is  solvent 
dependent.  In  CCl4  and  hexanes,  which  are  considered  to  be  ‘inert’  solvents,  the  high- 
frequency  peak,  v(a),  is  narrower  than  the  low-frequency  peak,  v(b).  In  these  solvents, 
the  association  of  SOCl2  is  expected  to  be  the  dominant  reaction.  Therefore  the  high 
frequency  peak,  v(a)  is  assigned  to  the  monomer  and  the  low  frequency  peak,  v(b),  to 
dimer.  The  ratio  of  the  areas  of  these  peaks  is  consistent  with  these  assignments.  Since 
v(b)  is  broader  than  v(a),  we  conclude  that  the  dimer  is  one  of  the  open  type  as  shown  in 
fig.  3(a).  Further  evidence  for  an  open  structure  can  be  found  in  the  separation  between 
the  symmetric  and  asymmetric  S — Cl  stretches,  v2  and  v4.  In  the  gaseous  state  this 
separation  is  37  cm'1,  whereas  in  the  liquid  state,  it  is  47  cm'1.14 

In  methylene  chloride,  both  v(a)  and  v(b)  of  the  S — O  stretching  bands  are  very  broad. 
With  a  dipole  moment  of  i  .60  D,  CH2CI2  is  a  weakly  polar  solvent ;  thus  one  expects 
dipole-dipole  interactions  to  occur  between  CH2C12  and  SOCl2.  Such  interactions  have 
been  observed  for  (CH3),SO  and  CHC13.1S1*  The  behaviour  of  the  S — O  stretching 
composite  band  of  SOCl2  solutions  in  C8H5CH3  is  similar  to  that  observed  in  CC14  and 
C,H14;  i.e.  v(a)  is  fairly  narrow  and  v(b)  is  broader.  From  this  we  conclude  that  any 
interactions  between  SOCl2  and  C6H5CH3  are  very  weak  and  that  self-association  of 
SOCl2  is  the  dominant  reaction. 

The  results  of  the  MO  calculations  provide  additional  insights  into  the  possible 
structures  of  neat  SOCl2  in  the  liquid  state.  In  particular,  calculations  have  been 
performed  for  dimeric  SOCK  using  the  structures  S — O — S — O  in  cyclic  form  and  in 
open  chain,  as  well  as  the  O— S — S — O  type  of  association.  The  calculations  showed  that 
the  oxygen-sulphur  associated  dimers  are  favoured,  fig.  3.  The  sulphur-sulphur 

t  I  D  «  3.33564 X  10  “ Cm. 
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Fig.  3.  MO-optimized  structures:  (a)  open  dimer;  (b)  cyclic  dimer. 


associated  species  gives  an  S— S  bond  length  exceeding  6  A  (6  x  10"  m)  thereby 
suggesting  little  or  no  association  via  this  bonding  arrangement.  Furthermore,  the  MO 
calculations  indicate  that  ordered  dimeric  structures,  as  well  as  longer  oligomeric 
structures,  can  exist  in  the  liquid  state  with  essentially  the  same  stability  as  the  molecular 
SOCl2  itself,  and,  yet,  are  not  of  significantly  different  stability  so  as  to  dominate  the 
structure  of  the  liquid  SOCl2. 

The  dilution  experiments  supported  by  molecular-orbital  calculations  indicate  the 
presence  of  dimers  with  the  open-chain  spatial  arrangement  illustrated  in  fig.  3(a)  rather 
than  the  cyclic  form,  fig.  3(b).  In  fact,  calculations  of  cyclic  dimer  structures  invariably 
led  to  optimized  geometries  in  which  the  cyclic  dimer  opened  to  form  an  open-chain 
dimer.  These  MO  calculations  yield  structures  whereby  the  lone  pairs  of  the  sulphurs  are 
directed  away  from  one  another.  This  implies  that  the  repulsion  between  the  lone  pair 
of  electrons  on  the  sulphur  atom  is  principally  responsible  for  molecular  structure  of 
SOC1,  dimers.  Similar  arguments  for  the  formation  of  the  cyclic  dimers  results  in  a 
highly  improbable  structure;  the  repulsion  between  the  lone  pair  of  electrons  with  the 
simultaneous  requirement  for  the  charge  transfer  for  O,  -» S2  and  02  -*  Sj,  creates  a 
distorted  arrangement. 

In  summary,  SOC1.,  in  the  liquid  state  consists  of  weakly  associated  species  having  an 
open  structure.  The  presence  of  cyclic  dimers,  which  could  be  possible,  is  excluded  on 
a  basis  of  MO  calculations. 
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The  AICl4~SOCl2  System 

With  the  addition  of  A1,C1„  a  covalent  compound  containing  halogen  bridges,  a  new  set 
of  Raman  bands  appears  and  indicates  the  formation  of  adduct(s).  In  the  course  of  1 : 1 
adduct  formation,  the  A1 — Cl — A1  bonds  of  the  acceptor  molecular  must  first  be  broken. 
The  improvement  in  coordination  makes  the  formation  of  the  1 : 1  adduct  energetically 
favourable.  The  progressive  changes  in  the  Raman  spectra  are  shown  in  fig.  4.  Upon  the 
addition  of  AljCl,  the  Raman  spectra  become  more  complex.  In  addition  to  bands  at 
1 108,  523,  383,  217,  167  and  1 14  cm-1,  a  band  at  ca.  1055  cm'1  emerges,  and  gains  in 
intensity  with  increasing  A14C1,  concentration.  It  is  noteworthy  that  the  appearance  of 
this  band  is  accompanied  by  an  increase  in  the  solution  conductivity.* 
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Fig.  5.  Polarized  (a)  and  depolarized  (6)  Raman  Spectra  of  the  equimolar  AlCl3-SOCl2  solution. 


The  polarized  and  depolarized  Raman  spectra  of  the  equimolar  AlCl3-SOCl2  solution 
are  shown  in  fig.  5.  The  most  significant  changes  are  the  disappearance  of  the  band  at 
1 23 1  cm'1  the  S — O  stretching  vibration  of  neat  SOCl2,  and  an  emergence  of  a  new  band 
at  ca.  1108  cm-1.  Such  a  change  in  the  S— O  stretching  frequency  accompanied  by  the 
shift  observed  in  the  symmetric  and  asymmetric  S — Cl  stretches  to  higher  frequencies 
( i.e .  from  492  to  523  and  from  455  to  500  cm-1,  respectively)  is  consistent  with 
complexation  of  A1C13  through  the  oxygen  atom  of  SOCl2.  The  observed  vibrational 
modes  of  the  AlCl3-SOCl2  complex(es)  and  their  assignments  are  shown  in  table  1. 
These  assignments  correspond  with  those  made  for  the  A1C13  complexes  with 
tetrahydrofuran,  C4Hg01S19  and  nitromethane,  CH3N02.20 


Species  and  Equilibria 

An  examination  of  the  1000-1300  cm-1  spectral  region,  fig.  4,  indicates  the  formation  of, 
at  least,  two  distinct  species.  The  first  species,  with  the  S — O  stretching  vibrational 
frequency  v,(A')  at  1 108  cm-1,  has  been  attributed  to  the  1:1  adduct,  Cl2SO  -*• A1C13. 
The  identification  of  the  species  exhibiting  a  broad  band  at  1055  cm-1  is  less  certain.  For 
example,  the  broadness,  of  this  peak  as  well  as  the  shift  of  Vj(A')  to  lower  frequency 
indicates  further  electron  withdrawal  from  the  oxygen  atom  perhaps  from  the  formation 
of  a  1:2  complex,  Cl2SO(AlCl3)2  by  the  reaction 

2  C1..SO  -  A1C13  ^  Cl2SO  -  ( A1C13)2  +  SOCl2.  (I) 

Such  a  conclusion  is  consistent  with  the  existence  of  1:2  complex  in  the  solid  state.3 
Spectroscopically,  this  equilibrium  requires  that  the  ratio  of  the  area  of  the  band  at 
1055  cm'1  to  the  area  of  the  1 108  cm-1  band  should  increase  with  increasing  A1C13 
concentration.  However,  it  is  observed  that  this  ratio  is  nearly  constant  at  0.3  ±0.1  for 
all  concentrations  of  A1C13  in  which  the  two  bands  can  be  resolved.  Fig.  6  shows  the 
decomposition  of  the  S — O  stretch  of  the  A1C13  adducts.  Furthermore,  an  increase  in  the 
solution  electrical  conductivity  which  coincides  with  the  appearance  of  this  band  offers 
an  alternative  interpretation,  namely  that  of  formation  of  ionic  species. 

Molecular  adducts  are  neutral  molecules.  Formation  of  ions  from  the  Cl.,SO  -♦  A1C13 
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Table  1.  Vibrational  assignments  and  calculated  frequencies  for  the  Raman  spectrum  of  the  1 : 1 
AlClj-SOClj  complex  and  other  observed  vibrations  for  the  1:1  solution 


vibrational  mode 

Vob  Jcm~l 

observed 

frequency 

Vc».cd/Cm'1 

calculated 

frequency 

O — Al — Cl  bending  of  complex 

<  110 

35,101 

AlClj  rocking  of  complex 

114 

116 

AlClj  bending  of  complex 

— 

121 

AlClj  bending  of  complex 

167 

157 

Cl — Al — Cl  bending  of  AlClj 

181  (w) 

— 

deformation  of  complex 

— 

184 

SC12  bending  of  free  SOC1, 

194°  (p) 

167 

SC12  bending  of  complex 

217 

192 

Al — O — S  bending  of  complex 

274 

283 

SOC1,  torsion  of  free  SOCl2 

282 

— 

SOC1,  torsion  of  complex 

318 

— 

SOCl2  deformation  of  free  SOCl2 

344  (p) 

340 

SOCl2  deformation  of  complex,  Al — Cl 
symmetric  stretching  of  A1C13  and  AlClj 

355 

335 

Al — O  stretching  of  complex 

383 

503 

Al — O  stretching11 

419  (w) 

— 

Al — O  stretching9 

428  (w) 

— 

S — Cl  asymmetric  stretching  of  free  SOCl2 

455° 

566 

Al— Cl  asymmetric  stretching  of  complex 

— 

395,566 

S— 'Cl  asymmetric  stretching  of  free  SOCl2 

492“ (p) 

615 

S — Cl  asymmetric  stretching  of  complex 

500 

608 

S — Cl  symmetric  stretching  of  complex 

523 

645 

AlClj  degenerate  stretching  of  complex' 

560  (w) 

588 

S — O  stretching9 

1055 

— 

S — O  stretching  of  complex 

1 108  (p) 

1330 

S — O  stretching  of  free  SOCl2 

1231  (p) 

1374 

(w)  weak,  (p)  polarized.  “  not  observed  in  the  equimolar  solution.  9  band  due  to  either 
Cl2(SO)  -* (A1C13)2  or  C12A1(«-  OSCl2)J.  'compare  with  525  cm"1  for  the  1:1  A1C13:  tetra- 
hydrofuran  complex,  532  cm"1  for  the  1 : 1  A1C13:  nitromethane  complex,  and  both  bands  are  weak 
in  the  Raman. 


adduct  can  occur  either  via  the  halide  ion  transfer  or  the  internal  exchange  route,  eqn 
(II)  and  (III),  respectively. 

ci2so-  Aici3^socr  +  Aici;  (ii) 

2  Cl2SO  -»  AlClj  ^  C12A1(  «-  OSCl2)+  +  AlClj.  (Ill) 

Of  these  ions,  the  presence  of  the  AlClj  ions  is  documented  by  a  weak  band  at  181  cm"1, 
and  attributed  to  the  Cl — Ai — Cl  bending  mode,  fig.  5.  The  stronger  bands  associated 
with  a  AlClj,  complex  ion,  i.e.  the  bands  at  122  and  350  cm-1,  are  obscured  by 
vibrational  modes  of  the  free  and  complexed  SOCl2.  The  AlClj  ion  also  has  a  band  at 
495  cm"1  which  is  strong  in  the  i.r.23  An  attempt  was  made  to  see  this  band  by  adding 
LiCl  to  4.0  mol  dm"3  A1CI3  in  SOCl2.  Such  a  solution  would  contain  AlClj  as  well  as 
Li(SOCl2).t.  Owing  to  the  overlapping  S — Cl  vibrational  bands  of  neat  SOCl2  as  well 
as  SOCI2  complexed  by  A1C13  and  Li\  it  was  not  possible  to  discern  the  495  cm"1  band 
of  AlClj.  There  is  no  spectroscopic  evidence  for  the  positively  charged  SOCl+  species,  as 
required  by  eqn  (II)  and  suggested  by  others.1"3  On  the  other  hand,  the  evidence  for  the 
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wavenumber/cm'1 

Fig.  6.  Decomposition  of  the  S — O  stretching  spectral  band  associated  with  the  aluminium 
complex  of  4.0  mol  dm'1  A1C1-,  in  SOC1,  at  —20.0  °C  into  Voigt  profiles. 

presence  of  the  [C12A1(<-  OSCl2)2]*  ions,  eqn  (III),  is  as  follows.  The  S=0  bond  in  the 
onium  ion  must  be  weakened  due  to  the  reduced  ptr  -» dn  back-bonding,  thus  lowering 
the  vibrational  frequency  vs.  that  of  a  neutral  adduct.  The  appearance  of  a  new  band 
at  1055  cm"1  supports  its  presence.  Furthermore,  because  the  [C12AI(«-  OSCI2),]+  would 
have  a  positive  charge  on  the  A1  atom,  its  A1 — O  bond  would  be  stronger  than  that  for 
a  neutral  complex.  This,  in  turn,  would  shift  the  A1 — O  stretching  vibrations  to  higher 
frequencies.  Indeed,  in  the  neutral  adduct  the  A1 — O  stretching  mode  occurs  at  383.3  cm'1 
while  in  the  conductive,  equimolar  AlCl3-SOCl2  solution,  new  weak  bands  attributed 
to  the  ionic  complex,  were  found  at  419  and  428  cm'1.  In  addition,  eqn  (III)  requires  that 
the  concentration  of  the  A1C13  ion  must  be  equal  to  that  of  the  C12A1(*-  OSCl2)2  ion. 
The  equilibrium  constant  expression  may  be  rearranged  to  give  eqn  (IV): 

[CJ2A1(-  OSCl2),]+  =  K[Cl2SO  AlClj]  (IV) 

which  requires  that  the  areas  of  the  bands  at  1055  and  1108  cm"1  be  in  constant 
proportion,  i.e.  independent  of  the  A1C13  concentration,  as  observed. 

The  results  of  the  MO  calculations  of  relative  stabilities  of  the  mono-  and  di-solvated 
onium  complex  favour  the  latter  as  the  dominant  species  responsible  for  the  increase  in 
solution  conductivity.  The  suggested  structure  is  a  tetrahedral  arrangement  about  the  A! 
with  SOCl2  coordination  through  the  oxygen,  i.e.  consistent  with  eqn  (IV). 

On  the  basis  of  the  argument  presented,  the  1055  cm"1  band  is  assigned  to  the 
[Cl2AI(*-OSCl2)2]+  ion. 

Conclusions 

(a)  Neat  SOCl2  is  an  associated  liquid  which  forms  open  chain  dimers/oligomers 
(CI2SO)„  with  n  =  2,3,4...;  ( b )  aluminium  chloride  dissolves  dissociatively  in  SOCl2 
i.e.  as  A1C13  not  AlaCItf ;  (c)  complexation  of  SOCl2  with  A1C13  occurs  through  the 
oxygen  to  form  the  adduct,  Cl2SO  -*  AIC13:  ( d )  the  Cl2SO  -»  A1C13  adduct  dissociates 
to  yield  the  ionic  species  (CI2AI(<-  OSCI.,)2]+  and  AICl;. 

This  work  was  in  part  supported  by  the  Office  of  Naval  Research. 
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ABSTRACT 

The  addition  of  LiCl  to  the  AlCl3-SOCl2  binary  system  results  in  the  destruction  of  the  CI3AI  *-  OSCl2  adduct  and 
onium  ion,  [CkAKr-OSCUfc]*,  to  form  solvated  Li(«~OSCl2)2*  ion  and  the  complex  A1CL,  ion.  Spectroscppic  evidence  as 
well  as  molecular  orbital  calculations  show  that  the  & — O  bond  energies  of  free  and  complex'-d  SOCl2  can  be  arranged  in  a 
series:  Cl2SO  >  (Cl2SO)2  >  Li(«-OSCl2V  >  CljAl  «-  OSCl2  >  [CliAlC^-OSCljld*.  Structural  aspects  of  the  LiCl-AlCl3-SOCl2 
electrolytes  derived  from  viscosity  and  conductivity  data  are  in  agreement  with  spectroscopic  evidence. 


One  of  the  major,  as  yet  unresolved,  issues  in  maximiz¬ 
ing  Li/SOCl2  cell  performance  is  the  mechanism  of  SOCl2 
electroreduction.  The  available  evidence  (1),  supported  by 
more  general  considerations  (2, 3),  suggests  the  impor¬ 
tance  of  the  composition  as  well  as  structural  aspects  of 
bulk  electrolyte  on  the  kinetics  of  the  charge  transfer  pro¬ 
cess.  Madou  et  al.  (1)  have  provided  some  evidence  for  the 
participation  of  more  than  one  SOClrbearing  species. 
Venkatasetty  (4),  in  discussing  the  role  of  transition  metal 
phthalocyanines  in  the  charge  transfer  process,  viewed  the 
rate  enhancement  as  due  to  the  formation  of  thionyl  chlo¬ 
ride  adducts  with  phthalocyanines. 

Recently,  the  structural  aspects  of  the  AlCl3-SOCl2  sys¬ 
tem  have  been  examined  by  Mosier-Boss  et  al.  (5).  This 
communication  reports  on  changes  that  occur  within  this 
system  upon  the  addition  of  LiCl,  examines  structures  of 
the  electrolyte  constituents  by  molecular  orbital  (MO)  cal¬ 
culations.  and  concludes  by  comparing  results  with  those 
obtained  earlier  from  transport  properties,  viz.  viscosity 
and  conductivity  (6). 

Experimental 

All  solutions  were  prepared  in  a  controlled  atmosphere 
by  dissolving  known  amounts  of  spectroscopic  grade 
AI2C1j  and  LiCl  in  freshly  distilled  SOCl2.  Raman  spectra 
were  obtained  on  a  system  comprised  of  an  Ar-ion  laser 
emitting  at  488  nm  with  a  power  of  50  mW.  The  samples 
were  contained  in  a  quartz  cell  with  provisions  for  tem¬ 
perature  control  to  within  0.2°C  and  covering  the  range  of 
-20"  to  40’C  The  investigation  was  limited  to  the  xAf 
•Electrochemical  Society  Active  Member, 
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LiCl-3M  A1C13  in  SOCl2  with  Osis  3.0.  In  addition,  a  spe¬ 
cial  case  of  1:1:2  LiCl:AlCl3:SOCl2  was  included. 

The  MO  calculations  were  performed  using  AMP  AC,  a 
general  purpose,  semi-empirical  molecular  orbital  pack¬ 
age  developed  at  the  University  of  Texas,  Austin,  Texas. 
These  calculations  yield  information  on  the  size,  shape, 
and  charge  distribution  within  molecules  and  complexes. 
The  recorded  S— O  stretching  vibrations  of  neat  and  com- 
plexed  SOCl2  were  computer  analyzed  and  decomposed 
into  their  component  Voigt  profiles  using  a  previously  de¬ 
scribed  procedure  (7). 

Results  and  Discussion 

The  discussion  of  the  mechanism  of  SOCl2  electrore¬ 
duction,  as  applied  to  Li/SOCl2  cells,  invariably  assumes 
that  the  rate-determining  step  (rds)  is  the  reaction 

SOCl2  +  e  ^  SOC1*  +  Cl  [1] 

which  is  followed  by  a  series  of  steps  involving  the  SOC1* 
radical  (8-10).  The  proposed  mechanisms  ignore  the  fact 
that  the  SOCl2  molecule  has  been  shown  to  form  adducts 
with  A1C13  (5, 11-14)  and  is  able  to  enter  the  solvation  sheet 
of  ionic  species  either  initially  present  or  generated  in  the 
course  of  the  charge  transfer  process.  Furthermore,  these 
mechanisms  ignore  the  fact  that  neat  SOCl2  itself  is  an  as¬ 
sociated  liquid,  (SOClJn  with  n>2  (5).  Thus,  taking  as  a 
starting  point  a  premise  that  the  composition  of  the  elec¬ 
trode/electrolyte  interphase  is  related  to  the  bulk.  Eq.  [1], 
as  written,  does  not  identify  which  SOCl2  molecules  reside 
in  the  reaction  space  and  participate  in  the  charge  transfer 
process. 
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Raman  spectroscopy  of  the  LiCl-AlCl3-SOCl2  system. — In 
the  liquid  state,  the  SOCl2  molecules  form  clusters  having 
an  open  zig-zag  structure  (5),  Their  Raman  spectra  are  rela¬ 
tively  simple.  Upon  addition  of  A1C13,  these  spectra  be¬ 
come  more  complex,  as  illustrated  in  Fig.  1,  spectra  a,  b, 
and  c,  for  neat  SOCl2,  2.0  and  4.0Af  A1C13  solutions,  respec¬ 
tively.  In  addition  to  bands  at  194,  282,  344,  455,  492,  and 
1231  cm'1  for  neat  SOCl2,  new  bands  appear  at  114,  167, 
217,  274,  318,  383,  523.  560,  and  1108  cm'1.  Assignments  of 
these  new  spectral  bands  have  been  discussed  elsewhere 
(5)  with  the  conclusion  that  the  addition  of  A1C13  results  in 
the  formation  of  the  Cl2SO  -»  A1C12  adduct.  The  observed 
shift  in  the  vibrational  mode  to  lower  frequency  indi¬ 
cates  that  complexation  occurs  through  the  oxygen 
atom  of  SOCl2.  The  bands  at  114,  167.  and  560  cm  1  are  as¬ 
signed  to  the  AICI3  moiety  of  the  Cl2SO  -»  A1C13  adduct 
while  those  at  274  and  383  cm’1  have  been  assigned  to  the 
Al-O-S  bending  and  Al-O  stretching  vibrations  of  the  ad¬ 
duct,  respectively.  Uncomplexed  A1C13  has  bands  occur¬ 
ring  at  151,  183,  394,  and  615  cm  1  (15). 

The  100-600  cm  1  spectral  region  displays  vibrational 
modes  due  to  both  A1C13  and  SOCl2,  as  illustrated  in  Fig.  1, 
making  this  region  difficult  to  analyze  because  of  numer¬ 
ous  overlapping  bands.  In  contrast,  the  vibrations  ob¬ 
served  in  the  region  between  1000  and  1300  cm  1  are  due  to 
the  S — O  stretching  vibrations  of  neat  and  complexed 
SOCl2.  This  vibration  is  very  sensitive  to  any  change  in 
charge  distribution  resulting  from  molecular  interactions. 
Redistribution  of  electronic  charge  affects  both  the  posi¬ 
tion  and  shape  of  the  S — O  vibrational  band,  v,(A'),  of  the 
interacting  SOCl2  molecule. 

The  addition  of  A1C13  results  in  the  formation  of 
Cl2SO  -*  AICI3  adducts.  As  the  A1C13  concentration  is  in¬ 
creased.  a  new  vibrational  band  appears  at  1055  cm  ■,  as 
shown  in  Fig.  1.  This  new  band  is  very  broad  and  is  due  to 
a  S — O  stretching  vibration  of  a  second  AlCl3-SOCl2  spe¬ 
cies.  The  broadness  of  this  band  as  well  as  the  shift  of  the 
S — O  stretching  vibration  to  lower  frequency  indicates  fur¬ 
ther  electron  withdrawal  from  the  oxygen  atom  perhaps 
from  the  formation  of  a  1:2  complex,  Cl2SO(AlCl3)2,  as  sug¬ 
gested  by  others  (11,  12).  Such  a  conclusion  is  consistent 
with  the  existence  of  a  1:2  complex  in  the  solid  state  (11). 
However,  an  increase  in  the  solution  conductivity  coin¬ 
cides  with  the  appearance  of  this  band  (6).  Since  molecular 
adducts  are  neutral  and,  as  such,  are  nonconductive,  this 
new  band  occurring  at  1055  cm  1  is  due  to  an  ionic  species 
and  not  to  Cl2SO(AlCl3)2.  This  ionic  species  has  been  iden- 
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Fig.  1  Ramon  spectra  of  AICI]-SOCI2  system:  (a)  neat  SOCIj;  (b) 
2.0 M  AlClj  in  SOCIfc  (c)  4.0/M  AICI,-$OCI2. 


Fig.  2.  Raman  spectra  of  LiCI-AICl3-SOCI2  system:  (a)  3.0M  AlClj  in 
SOCI2;  (b)  3.0M  AICI3  and  1.0M  LiCI  in  SOCIj,  (c)  3  0M  AICI3  and 
2.0M  LiCI  in  SOCIj;  (d)  3.0M  AICI3  and  3.0M  LiCI  in  SOCI2. 


tified  as  the  onium  ion,  [Cl2Al(«-OSCl2)2]\  for  reasons  dis¬ 
cussed  elsewhere  (5),  which  forms  via  the  internal  ex¬ 
change  reaction 

2Cl2SO  —  AICI3  s±  [Cl2Al(—OSCl2)2]'  +  A1C1,  [2] 

yielding  not  only  a  positive  onium  complex 
[Cl2Al(«-OSCl2)2]'  but  also  a  negative  A1C1,  ion  (5).  Since 
the  ratio  of  the  areas  of  the  1055  cm  1  peak,  due  to  the 
onium  ion,  and  the  1108  cm  1  peak,  due  to  the  neutral  ad¬ 
duct,  is  very  small,  the  degree  of  ionization  is  also  very 
small. 

The  effect  of  LiCI  addition  on  the  structural  features  of 
the  AlCL-SOClj  system  is  demonstrated  in  Fig.  2.  Upon  the 
addition  of  LiCI,  the  bands  at  114,  167.  217,  383.  523,  560. 
and  1108  cm  1  disappear  and  new  bands  at  118,  178.  299. 
358.  464.  and  1215  cm  1  appear.  The  assignments  of  these 
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Fig.  3.  Polarized  and  depolarized  Raman  spectra  of  1:1:2  LiCI: 
AICI2:SOCI2  solution.  Insert:  decomposition  of  S — 0  stretching  vibra¬ 
tion  into  Voight  profiles. 
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Table  I.  Vibrational  modes  of  free  and  complexed  SOCI2 


Neat  SOCi2 

Cl2SO  -  AlCh 

Li(*— OSClzh  * 

C1jA1(~OSC12V 

Assignment 

194p 

217p 

201. ip 

— 

SC12  bending 

284 

318 

299.1 

Torsion 

344p 

355p 

347.8p 

— 

OSClj  deformation 

455 

500 

464.5 

— 

S— Cl  asymmetric  stretch 

492p 

523p 

504. 4p 

— 

S — Cl  symmetric  stretch 

1211.0 

— 

S — O  asymmetric  stretch 

1231p 

no8P 

1220. Op 

1055 

S — O  symmetric  stretch 

p — polarized. 


new  bands  are  shown  in  Fig.  3.  Qualitatively,  the  addition 
of  LiCl  causes  the  destruction  of  the  Cl2SO  -»  AlCL  ad¬ 
duct,  indicated  by  Eq.  [3] 

nSOCl2  +  Cl2SO  —  AlCh  +  LiCl  j*(n  -  1)  SOCl2 

+  Li  («-OSCl2)2*  +  AlCL'  [3] 

In  particular,  for  n  =  1,  i.e.,  for  the  1:1:2  molar  ratio  of 
LiCl:AlCl3:SOCl2,  no  free  SOCl2  should  be  present.  Ac¬ 
cordingly,  as  seen  in  Fig.  3,  the  spectral  bands  associated 
with  the  Cl2SO  -*  A1C13  adduct  and  the  free  SOCl2  disap¬ 
pear  and  those  characteristic  of  A1CI,  and  the  solvated  Li  * 
ion  are  present.  The  positions  of  the  vibrational  modes  of 
neat  SOCl2  and  SOCl2  associated  with  Li*  and  AICI3  are 
shown  in  Table  I. 


The  S — O  stretching  band  of  the  solvated  Li*  ion  can  be 
decomposed  into  two  peaks  occurring  at  1211  and  1220 
cm'1,  as  seen  in  Fig.  3.  By  measuring  the  polarization  ratio, 
p,  of  a  Raman  line,  which  is  defined  as  the  ratio  of  the  in¬ 
tensity  of  the  parallel  to  perpendicular  components  of  the 
Stokes  line  (16),  it  is  possible  to  determine  the  symmetry  of 
the  vibration.  It  is  found,  by  measuring  p,  that  the  peak  at 
1220  cm'1  is  polarized  whereas  the  one  at  1211  cm  1  is  de¬ 
polarized.  Accordingly,  these  peaks  are  assigned  to  the 
symmetric  and  asymmetric  S— O  stretching  modes,  re¬ 
spectively,  of  the  solvated  Li*  ion.  Since  the  Li — O  bond  is 
electrostatic  in  nature,  the  Li — O  vibrations  are  not  Raman 
active.  Calculations  indicate  that  this  vibration  should 
occur  at  ca.  400  cm'1  (17). 

The  vibrational  modes  of  free  and  complexed  SOCl2  are 
given  in  Table  I.  It  is  seen  that  within  the  100-600  cm  1 
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Fij.  4.  Computer  generated  structures:  (a)  (SOCIjlr-opon  chain;  (b)  CljAl—OSCIj  adduct;  (c)  Li  («-SOCIi)j'  so  bated  species,  (d) 
(CljAK*-0$Clj)j)'  oniwn  ion. 
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spectral  region,  the  vibrational  modes  of  the  Li’  com- 
plexed  SOCl2  occur  at  higher  frequencies  than  those  in 
neat  SOCl2.  Furthermore,  the  separation  between  the  sym¬ 
metric  and  asymmetric  S-Cl  stretches  of  SOCl2  decreases 
upon  complexation  with  Li’,  This  indicates  that  the  repul¬ 
sion  between  the  sulfur  lone  pair  of  electrons  and  the  Cl’s 
of  SOCI2  are  lessened  upon  complexation  with  Li  ’ .  Such 
behavior  is  consistent  with  coordination  through  the  oxy¬ 
gen  atom,  as  required  by  the  valence  shell  electron  pair  re¬ 
pulsion  (VSEPR)  model  as  well  as  the  more  general  bond 
lengthening  rule  (18).  Typically,  Li’  has  a  solvation  num¬ 
ber  of  four;  in  the  1:1:2  LiCl:AlCl3:SOCl2  solution  the  other 
two  coordination  sites  can  be  filled  by  the  ion  pairing  with 
A1C1,  .  In  the  presence  of  excess  SOCI2.  these  sites  are 
likely  filled  with  SOCl2  molecules.  This  conjecture  is  in 
analogy  to  the  situation  found  in  the  system:  Li’/DMSO/l- 
methyl-2-pyrrolidone  where  two  sites  are  occupied  by 
DMSO  and  two  by  l-methyl-2-pyrrolidone  molecules  (19). 

A  comparison  of  the  frequencies  for  the  S — O  stretching 
vibration  allows  the  various  species  in  the  L1CI-AICI3- 
SOCl2  system  to  be  arranged  with  respect  to  the  strength 
of  the  S — O  bond  of  the  interacting  SOCl2  molecule  in  the 
following  order  of  diminishing  strength:  Cl2SO  >  (CI2SO),, 
(n  =  2,3)  >  Li(-OSCl2)2'  >  Cl3Al(«-OSCl2)  > 

[C12A1(— OSCl2)2]\  Thus,  if  the  rate  of  the  charge  transfer 
reaction  is  related  to  the  S — O  bond  strength,  the  effect  of 
the  A1C13  concentration  on  the  electrode  rest  potential  ( 1 )  is 
readily  explained. 

Molecular  orbital  calculations.— In  the  LiCl-AlCl.rSOCl2 
system,  the  SOC1.  molecules  are  present  in  energetically 
different  states,  as  evidenced  by  the  S — O  bond  strength. 
In  an  attempt  to  answer  which  SOCl2-bearing  species  will 
be  preferentially  affected  by  the  electrode  surface,  one 
must  consider  the  size,  shape,  and  electrical  charge  distri¬ 
bution  for  each  type  of  molecular  species.  The  need  for 
such  considerations  is  evident  from  the  results  reported  by 
Madou  et  al.  (1)  and  Venkatasetty’s  interpretation  of  the 
role  of  iron  and  cobalt  phthalocyanines  in  the  observed  en¬ 
hancement  of  the  SOCl2  electroreduction  on  carbon  elec¬ 
trodes  (4).  In  the  first  case,  the  appearance  of  a  second  peak 
during  the  voltammetric  sweep  and  its  dependence  on  the 
A1C1.  concentration  could  indicate  that  the  reduction  of 
SOCl2  occurs  sequentially  from  two  different  SOCl2- 
beanng  species.  In  the  second  case.  Venkatasetty  argued 
that  the  enhancement  in  the  exchange  current  density,  )... 
arises  because  of  an  interaction  with  the  metal  phthalocya¬ 
nines.  Specifically,  because  of  the  tetrahedral  arrangement 
of  electron  pairs,  the  SOCl2  molecule  can  participate 
through  the  filled  p-orbitals  of  its  sulfur  atom  with  the 
empty  d-orbitals  of  the  central  metal  atom,  resulting  in  ad¬ 
duct  formation.  A  strong  metal-sulfur  interaction  would 
weaken  the  S — Cl  bonding  thus  facilitating  electron 
transfer 

The  MO  calculations  were  undertaken  to  guide  the  inter¬ 
pretation  of  spectral  data  and  to  assist  in  deciding  which 
species  are  most  likely  to  be  present  under  a  given  set  of 
experimental  conditions  While  these  calculations  proba¬ 
bly  are  not  sufficiently  accurate  for  unequivocally  estab¬ 
lishing  structures  and  related  properties,  nevertheless  the 
results  based  on  relative  comparison  among  the  various 
species  are.  most  likely,  valid. 

The  structures,  shown  in  Fig.  4,  are  optimized  structures. 
Calculations  reproduce  the  structures  of  SOCl2,  A1C13,  and 
A1C!4  within  5%  on  all  bonds  and  angles.  In  an  attempt  to 
resolve  the  structure  of  neat  SOCl2  in  the  liquid  state,  we 
examined  the  relative  stabilities  of  SOCl2  and  (SOCl2)„  in 
both  cyclic  and  open  chain  structures,  for  n  =  2  and  oligo¬ 
mers,  i.e.,  for  n  >  2.  The  total  energy  for  each  of  these 
structures  is  quite  similar,  eg..  -  1259.05  and  -  1259.06  eV 
for  SOClj  and  an  open  chain  (SOCl2)j,  respectively:  both 
molecular  species  are  of  equal  stability.  The  calculated 
heats  of  formation  are  -22  and  -47  kcal  mol  1  for  mono¬ 
mer  and  open  chain  dimer,  respectively.  The  latter  com¬ 
pares  rather  well  with  the  experimental  value  of  48  kcal 
mol  '  for  liquid  SOCl2  (20).  It  is  noted,  in  passing,  that  all 
attempts  to  calculate  a  true  cyclic  SOCl2  dimer  always  led 
to  an  open  chain  structure  as  the  favored  geometry.  On 
this  basis  we  conclude  that  neat  SOCl2  in  the  liquid  state 


readily  associates,  albeit,  weakly  to  form  open  chain  aggre¬ 
gates. 

Calculations  suggest  only  slight  structural  changes  upon 
complexation  of  SOCl2  with  itself  or  A1C13.  Results  tabu¬ 
lated  in  Table  II  show  bond  lengthening  in  the  range  of 
0.02-0.05A.  The  most  significant  change  has  occurred  when 
forming  an  onium  ion,  [C12A1(«— OSCl2)2]’.  Here,  the  two 
SOCl2  molecules  are  affected  somewhat  differently.  Simi¬ 
larly,  the  bond  angles  are  relatively  unchanged  by 
complexation  and  vary  by  ca.  2  degrees. 

In  general,  complexation  of  SOCl2  leads  to  an  increase  in 
the  positive  charge  on  the  sulfur  atom.  The  largest  redistri¬ 
bution  occurs  when  SOCl2  is  complexed  with  the  Al  atom, 
either  A1C13  or  the  onium  ion.  In  most  instances  this  redis¬ 
tribution  is  shared  with  the  oxygen  and  chlorine  atoms. 
For  the  onium  ion,  the  Al,  S,  and  Cl  atoms,  all  share  the  ad¬ 
ditional  positive  charge. 

The  MO  calculations  agree  with  the  interpretation  of 
spectral  data  and  support  the  conclusion  that  SOCl2  forms 
weak  adducts  with  itself  and  A1C13,  and  that  complexation 
only  slightly  modifies  the  structural  and  vibrational  char¬ 
acteristics  of  the  SOCl2  molecules.  Although  such  small 
changes  in  the  charge  distribution  may  profoundly  affect 
their  reactivity  (18),  we  do  expect  the  reduction  process  to 
take  place  within  the  same  overpotential  range. 

Comparison  with  transport  properties. — Szpak  and  Ven¬ 
katasetty  (6)  measured  selected  transport  properties,  viz. 
viscosity  and  conductivity  in  an  attempt  to  explore  struc¬ 
tural  aspects  of  the  LiCl-AlCl3-SOCl2  system.  In  what  fol¬ 
lows,  we  re-examine  their  conclusions  in  light  of  spectro¬ 
scopic  evidence.  The  Batschinski-Hildebrand  equation, 
Eq.  [4],  (21.  22)  relates  the  fluidity.  d>.  to  the  ratio  of  occu¬ 
pied  to  unoccupied  volume.  (v-v„)/v„ 

*  =  B(v-v„)/v„  (4) 

The  B  constant  is  a  property  of  a  liquid  measuring  its  abil¬ 
ity  to  absorb  momentum  generating  the  newtonian  flow. 
Thus,  its  value  depends  on  the  molecular  size  and  shape 
and,  qualitatively,  yields  information  on  the  molecular 
structure.  For  neat  SOCl2  the  Batschinski-Hildebrand  plot 
yields  a  B  value  of  1 1.2  cP  ',  which  is  characteristic  of  mo¬ 
lecular  liquids.  This  is  in  agreement  with  the  slight  spec¬ 
troscopic  shifts  of  the  S— O  stretching  frequency,  indicat¬ 
ing  a  weak  self-association  (5).  Such  weak  associations  will 
not  dominate  the  response  of  a  liquid  to  the  applied  pres¬ 
sure  gradient.  The  addition  of  A1C13  does  not  substantially 
change  the  B  constant,  indicating  that  the  newly  formed 
species  have  about  the  same  volume  as  the  dimerized 
SOCl2.  On  the  other  hand,  the  addition  of  LiCl  breaks  up 
the  Cl3Al*-OSCl2  adduct  which  contributes  to  the  reduc¬ 
tion  in  the  B  value  through  both  a  volume  effect  and  pres¬ 
ence  of  ionic  species.  This  is  also  in  agreement  with  spec¬ 
troscopic  evidence. 

Additional  information  not  available  earlier  concerns 
the  slight  increase  in  conductivity  upon  the  addition  of 
A1C13.  This  increase  in  the  conductivity  is  due  to  the  inter¬ 
nal  exchange  reaction,  at  high  A1C13  concentrations,  to 
form  a  positively  charged  onium  ion  [C12A1(— OSCl2)2j'  and 
A1C1,  and  not  due  to  the  formation  of  higher  anionic  com¬ 
plexes. 

Conclusions 

1.  Thionyl  chloride,  in  the  liquid  state,  forms  open  chain 
dimers  and/or  oligomers  having  an  open  chain,  zig-zag 
structure. 

2.  Dissolution  of  A12C16  results  in  the  formation  of  ad¬ 
ducts,  C13A1«— OSCl2.  At  higher  A12C16  concentrations  these 
adducts  undergo  an  internal  exchange  reaction  to  form 
onium  ions,  [Cl2Al(*-OSCl2)2]‘,  and  A1CL,  ions.  Since  the 
area  of  the  peak  due  to  the  onium  ion,  at  1055  cm1,  is 
much  less  than  that  of  the  adduct,  at  1108  cm  ',  implies 
that  the  degree  of  ionization  in  the  AlCl3-SOCl2  system  is 
very  small. 

3.  Addition  of  LiCl  causes  the  destruction  of  adducts  and 
onium  ions  with  the  formation  of  solvated  Li(«-OSC12)2‘ 
10ns  and  complex  A1CL,  ions. 

4.  The  S — O  bond  strength  of  the  free  and  complexed 
SOCl2  diminishes  as  follows 


Table  II.  Band  lengths  and  charge  distribution  obtained  from  MO  calculations  far  SOCI3,  (SOCIjh,  CljAl  *—  OSCIj,  [CI2AI(» — OSCIiliJ '  and 

[U-OSCIjW 


SOCli 

Atom 

Charge 

Bond 

Length  (A) 

S 

1.2349 

S— O 

1.468 

O 

-0.5500 

S— Cl, 

2.037 

Cl, 

-0.3424 

S— Cl2 

2.038 

Cl2 

-0.3425 

— 

(SOCUh,  open  dimer 

Atom 

Charge 

Bond 

Length  (A) 

s, 

1.256 

Si — Oj 

1.470 

S; 

1.2701 

Oj — S2 

3.313 

O, 

-0.5983 

S2—-02 

1.470 

o2 

-0.570 

2.034 

Cl, 

-0.3289 

S,-C12 

2.034 

Cl2 

-0.3287 

S2 — Cl2 

2.040 

Cl3 

cu 

-0.3501 

-0.3501 

Sr-CU 

2.040 

CljAl  -  OSCl2 

Atom 

Charge 

Bond 

Length  (A) 

s 

1.3293 

s-o 

1.496 

0 

-0.6238 

S— Cl, 

2020 

A! 

0.9616 

S-C12 

2018 

Cl, 

-0.2235 

O— A1 

1.845 

Cl2 

-0.2217 

Al— Cl2 

2.103 

Cl3 

-0  4382 

Al— CL, 

2.107 

Cl, 

Cl, 

-0.3975 

-03861 

A1 — Cl, 

2.127 

[Cl2AU*-OSCl2i2]‘ 

Atom 

Charge 

Bond 

Length  (A) 

At 

1.1016 

Si — O, 

1.506 

O, 

-0.6868 

2.010 

O, 

-0.6836 

S,— Cl2 

2.103 

S, 

1  3343 

Al— O, 

1  7951 

s2 

1  3265 

Al— Cl3 

2.093 

Cl, 

-0.1579 

Al — CI4 

2096 

Cl2 

-0.1711 

Al — O2 

1  7847 

Cl5 

-0.3666 

O2 — S2 

1.510 

Cl, 

-0.3691 

Sr-CI5 

2.009 

Cl, 

Cl, 

-0  1585 
-0.1686 

S3 — Cl, 

2.012 

(Lil—OSCUhr 

Atom 

Charge 

Bond 

Length  (A) 

Li 

1  000 

1  480 

S, 

1  2509 

2.028 

S2 

1.2508 

Sj — CI2 

2.027 

O, 

-0  6753 

Li— O, 

3484 

O- 

-0  6770 

Li — 02 

3.470 

Cl, 

-0.2884 

1.481 

Cl2 

-0.2854 

S2-C1, 

2028 

Cl, 

Cl, 

-0.2878 

-0.2877 

S2 - CI4 

2028 

Cl2SO  -  (Cl2SO)2  >  Li(-OSC12)2*  >  CljAJ  — OSCl2 

>  (C12A1(»-0SC12)2]' 


5.  The  MO  calculations  provide  information  on  size, 
shape,  and  charge  distribution  of  SOCl2-bearing  species. 
There  is  substantial  agreement  with  the  interpretation  of 
spectral  data. 

6.  Spectral  data,  results  of  MO  calculations,  and  the  vis¬ 
cosity  and  conductivity  measurements  are  in  agreement. 
The  Raman  data  and  Batschinski-Hildebrand  plots  indi¬ 
cate  that  neat  SOCl2  is  a  weakly  associated  liquid.  The  ad¬ 
dition  of  A1]C1«  results  in  the  formation  of  a  neutral  com¬ 
plex  which  is  nonconductive.  At  higher  AlClj 
concentrations,  the  solution  conductivity  slightly  in¬ 
creases  due  to  the  formation  of  onium  ions  and  AlCli".  The 
viscosity  and  conductance  measurements  as  well  as  the 
Raman  data  indicate  that  the  degree  of  ionisation  in  the 
AlClrSOCli  system  is  small.  With  the  addition  of  LiCl,  the 
AlClfSOCli  species  are  destroyed  and  Li(«-OSCliV  and 
A1CU  are  formed  as  shown  by  the  Raman  spectra,  the  de¬ 
crease  in  the  B  value  of  the  Batschinski-Hildebrand  plots, 
and  the  substantial  increase  in  solution  conductivity. 
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ABSTRACT 

The  mechanism  of  SOCl2  reduction  on  Pt  electrodes  is  examined  by  linear  sweep  voltammetry  and  1R  reflectance 
spectroscopy  with  the  interpretation  aided  by  molecular  orbital  calculations.  The  present  model  emphasizes  structural 
aspects  of  bulk  electrolyte  as  well  as  the  electrode/electrolyte  interphase  region.  Initially  this  region  is  enriched  by  prefer¬ 
ential  adsorption  of  [Cl2Al(*-OSCl2)2]*  ions  occurring  through  the  S  atom  of  the  complexed  SOCl2  molecule.  Further  en¬ 
hancement  is  noted  at  low  cathodic  overpotentials.  At  higher  overpotentials,  S02  and  unidentified  species,  P,  and  P2.  are 
observed.  The  model  requires  stability  of  both  Pi  and  P2  when  in  an  adsorbed  state.  The  acceptance  of  the  first  electron  is 
an  irreversible  process  while  the  acceptance  of  the  second  electron  is  quasi-reversible.  The  formation  of  final  reaction 
products,  viz.,  Cl  ,  S,  and  S02  occurs  within  the  reaction  layer. 


Early  discussion  of  the  mechanism  of  SOCl2  electrore¬ 
duction  centered  around  events  involving  isolated  SOCl2 
molecules,  i.e..  disregarding  molecular  interactions  (1-4). 
This  approach  was  criticized  by  Madou  et  al.  (5)  based  on 
the  shape  of  voltammograms,  particularly  in  practical  elec¬ 
trolytes  containing  excess  A1C13.  The  complexity  of  the  re¬ 
action  path  was  indicated  by  the  formation  of  prepassive 
surface  films  long  before  the  onset  of  passivation  (6)  and 
further  emphasized  by  the  role  played  by  the  various  addi¬ 
tives.  e.g..  Fe-Pc  (7).  However,  the  best  evidence  for  the 
complex  reaction  pathway  was  provided  by  the  spectro¬ 
scopic  examination  of  the  PtiAlClj-LiCl-SOClj  interphase 
region  (8,  9). 

In  an  attempt  to  provide  better  understanding  of  events 
associated  with  the  cell  discharge  and,  in  particular,  those 
occurring  at  the  positive  electrode,  studies  into  the  struc¬ 
tural  aspects  of  SOClrbased  electrolytes  were  undertaken 
(10-12).  Specifically,  structural  features  were  derived  from 
the  analysis  of  the  Walden  product  (10)  and  from  Raman 
and  IR  spectra  for  the  AlCl3-SOCl2  and  LiCl-AlCl3-SOCl2 
systems,  respectively  (11, 12).  Here,  we  report  on  the  ex¬ 
tension  of  this  effort  and  concentrate  on  changes  that 
occur  within  the  reaction  zone  adjacent  to  the  charge- 
transfer  plane  upon  polarization  of  the  Pt/AlCl3-SOCl2  sys¬ 
tem.  IR  reflectance  spectroscopy  and  linear  sweep  voltam¬ 
metry  (lsv)  were  selected  as  primary  experimental  tools. 
The  interpretation  of  experimental  observations  was  aided 
by  molecular  orbital  (MO)  calculations. 

Experimental 

Procedures  employed  in  the  preparation  of  solutions 
were  reported  earlier  (11,  12).  The  spectroscopic  examina¬ 
tion  of  the  electrode/electrolyte  interphase  was  performed 
in  a  modified  cell,  first  described  by  Pons  (13).  The  linear 
sweep  voltammograms  were  obtained  with  the  aid  of  the 
computer  driven  potentiostat,  PAR  Model  173  with  a  276 
IEEE  computer  interface.  IR  transmittance  spectra  were 
obtained  using  a  Barnes  mount  with  AgCl  windows  and  a 
15  p-m  Teflon  space.  The  MO  calculations  were  performed 
using  AMP  AC,  a  general  purpose,  semiempirical  molecu¬ 
lar  orbital  package  developed  at  the  University  of  Texas, 
Austin,  Texas.  These  calculations  yield  information  on  the 
size,  shape,  and  charge  distribution  within  molecules  and 
complexes.  The  recorded  S — O  stretching  vibrations  of 
complexed  SOCl2  were  computer  analyzed  and  decom¬ 
posed  into  their  Voigt  profiles  using  a  previously  de¬ 
scribed  procedure  (14). 

Electrochemical  cell.— The  spectroelectrochemical  cell 
was  made  of  a  machinable  ceramic  material  (Macor,  Dow 
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Chemical).  A  removable  AgCl  window  was  sealed  against 
the  cell  body  by  an  O-ring  (Kalrez,  du  Pont).  The  working 
electrode  was  a  polished  Pt  foil  permanently  attached  to  a 
ceramic  plunger.  The  counter-  and  reference  electrodes 
were  a  Pt  wire  and  a  Ag/AgCl  wire  in  a  Teflon  sleeve,  re¬ 
spectively.  A  variable  distance  between  the  window  and 
electrode  surface  was  provided;  however,  each  set  of 
measurements  was  carried  out  at  a  fixed  distance.  The  cell 
was  placed  at  a  45°  angle  using  a  specular  reflectance  appa¬ 
ratus— Spectra-Tech,  Model  500— inside  a  5  DXB  Nicolet 
FT-IR  spectrometer.  The  path  lengths  were  calibrated 
with  neat  CCV 

Results 

IR  spectra  can  be  used  to  identify  species  present  in  so¬ 
lution  and,  to  a  lesser  degree,  determine  their  concentra¬ 
tions.  Such  an  examination  by  itself  can,  at  best,  provide 
only  limited  information  on  the  characteristics  of  the  elec¬ 
trode/electrolyte  interphase  (15);  it  cannot  unequivocally 
determine  the  reaction  pathway(s).  On  the  other  hand,  lin¬ 
ear  sweep  voltammetry  is  a  useful  tool  for  exploring  com¬ 
plex  electrochemical  processes  since  the  shape  of  the  lsv 
curves  depends  on  two  parameters  related  to  the  ther¬ 
modynamics  of  the  system  and  to  the  kinetics  of  the 
charge  transfer  and  associated  transport  processes.  More¬ 
over,  the  easily  adjustable  experimental  conditions  allow 
the  examination  of  a  transition  from  one  dominant  process 
to  another. 

IR  spectroscopy  of  the  electrode/electrolyte  interphase.— 
The  evolution  of  IR  spectra  reflected  from  the  electrode 
surface  is  illustrated  in  Fig.  1.  Detailed  examination  was 
restricted  to  the  spf'  1  region-  950-1350  cm  '.  This  region 
was  selected  beeau,  the  S — O  stretching  vibrations  of 
neat  SOCl2,  Cl3Al(*-OSCl2)  complex  and  [Cl2Al(«-OSCl2)2]' 
onium  ion,  which  occur  in  the  Raman  spectra  at  123 1 . 1 108, 
and  1055  cm  \  respectively,  are  unobstructed  by  other  ab¬ 
sorptions.  Also,  the  S — O  stretching  vibrations  of  these 
species  are  very  sensitive  to  any  changes  in  the  molecular 
structure  (11).  For  solutions  in  contact  with  an  electrode 
surface  two  additional  peaks  at  1132  and  1102  cm  1  are  ob¬ 
served  (vide  infra).  The  passage  of  cathodic  current  results 
in  the  disappearance  of  the  1 132  and  1 102  cm  1  peaks  and 
generates  new  peaks  of  which  that  of  S02  at  1331  cm1,  is 
clearly  detectable,  even  at  low  overpotentials,  e.g.,  100  mV. 
At  hig  'er  overpotentials,  new  peaks  appear  at  ca.  1190, 
1170,  and  1150  cm1.  Qualitatively,  no  significant  differ¬ 
ences  are  observed  in  the  IR  reflectance  spectra  obtained 
on  Au  and  Pt  electrodes. 

lev  curves.— E/fect  0/ AtClj  concentration.— The  effect  of 
A1C1)  concentration  on  the  shape  of  the  lsv  curves,  re- 
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Fig  1.  The  930-1350  cm  1  IR  spectral  region  of  an  electrode/elec¬ 
trolyte  interphase  at  rest  and  cathodically  polarized,  (a)  Au/4.0M  AICI3 
in  SOCI2  system,  dashed  line  at  t)  =  0.  solid  line  at  r|  =  -2.5V  (b) 
Pt  4  OM  Aicij  in  SOCIj  system;  dashed  line  at  t)  =  0,  solid  line  at 
i]  -  3.5V  Species  indicated. 

corded  for  a  constant  scan  rate  of  5  mV  s  is  illustrated  in 
Fig.  2a-d  A  cursory  inspection  shows  a  significant  differ¬ 
ence.  On  closer  examination,  however,  this  difference  is  in 
the  definition  of  characteristic  points  rather  than  in  shape. 
At  concentrations  3.0M  or  less,  the  forward  (reductive) 
scan  consists  of  two  S-shaped  segments,  followed  by  a 
peak  current.  The  current  plateaus,  and  jB.  as  well  as  the 
peak  current.  jp.  increase  with  an  increase  in  AICI3  concen¬ 
tration.  The  reverse  (oxidative)  scan  also  exhibits  two  S- 
shaped  segments  followed  by  a  rather  distinctly  different 
region  containing  two  peaks.  All  potentials  delineating  the 
characteristic  segments  appear  to  be  concentration  inde¬ 
pendent  while  the  respective  currents  show  a  strong  de¬ 
pendence. 

The  situation  in  a  4.0 Af  solution,  especially  at  higher 
overpotentials,  is  quite  different  both  on  forward  and  re¬ 
verse  scans.  The  reductive  scan  shows  only  one  wave¬ 
shaped  region  at  lower  overpotentials,  becoming  a  straight 
line  at  higher  overpotentials.  On  reverse  scan,  the  j/V(t) 
curve  crosses  over  the  reductive  scan,  but  still  retains  a 
peak-shaped  region  at  lower  overpotentials. 

1st)  curves.— Effect  of  scan  rate.—' The  effect  of  scan  rate  on 
the  shape  of  the  Isv  curves  in  a  3.0 M  solution  is  illustrated 
in  Fig.  3a  and  b.  Qualitatively,  the  decrease  in  the  scan  rate 
yields  better  definition  of  the  various  regions.  Thus,  at 
v  50  mV  s  '.all  characteristic  features  of  both  reductive 
and  oxidative  scans  are  clearly  displayed.  Of  interest  are 
two  features:  the  merging  of  the  reductive  and  oxidative 


waves  within  the  potential  range:  -500  to  -200  mV  at  the 
scan  rate  of  5  mV  s  1 .  At  still  lower  rates  a  cross  over  of  oxi¬ 
dative  and  reductive  waves  is  observed  while  at  faster 
rates,  a  separation  of  these  waves  occurs.  The  second  fea¬ 
ture  of  interest  is  the  behavior  of  peaks,  A  and  B  in  Fig.  3a. 
As  the  scan  rate  decreases,  merging  of  these  points  occurs 
with  A  shifting  in  the  positive  direction  and  B  in  the  nega¬ 
tive,  with  the  displacement  of  the  latter  being  less. 

Discussion 

The  discussion  of  experimental  results  and  conclusions 
reached  is  aided  by  considerations  of  electrolyte  composi¬ 
tion  and  associated  equilibria  and  the  concept  of  an  elec¬ 
trode/electrolyte  interphase. 

Equilibria  in  the  bulk  electrolyte.Mosier-Boss  etal.  (11) 
reported  the  following  equilibria  in  the  bulk  solution 

(SOCl2)„  ±5  (SOCl2)„  ,  n  =  1.  2,  ...  [I] 

SOCl2  +■  AICI3  )=;  C13A1(i-OSC1,)  [II] 

2C13A1(^OSC12)^[C12A1(a-OSC12)2]-  +  A1CL,  [III| 

The  internal  exchange  reaction,  Eq.  [Ill],  occurs  in  the 
presence  of  free  SOCl2  and  the  extent  of  this  reaction  is  ex¬ 
pected  to  be  affected  by  excess  SOCl2  with  a  dependence 
on  the  dielectric  constant  at  low  A1C13  concentrations  and 
dominated  by  the  donor  properties  of  the  SOCl2  at  higher 
concentrations  (16).  Significant  changes  in  the  governing 
equilibria  and  molecular  structure  occur  between  2.0  and 
3.0M  AICI3  as  indicated  by  difference  in  IR  spectra  (8)  and  a 
maximum  in  the  electrolyte  vapor  pressure  (17).  (Hereaf¬ 
ter,  for  brevity,  we  use  symbols  A„.  Ai,  and  A2'  to  denote 
neat  SOCI-,.  complex,  and  onium  ion.  respectively). 

Concept  of  an  interphase.— A  useful  concept  facilitating 
the  interpretation  of  experimental  data  and  formulation  of  a 
physical  model,  that  of  an  interphase  region,  was  dis¬ 
cussed  by  van  Rysselberghe  (18).  In  the  simplest  case,  it 
takes  the  form  of  the  electrical  double  layer.  In  more  com¬ 
plex  cases  and,  in  particular,  during  charge  transfer  reac¬ 
tion.  it  consists  of  a  series  of  layers,  each  associated  with  a 
participating  elementary  process.  In  this  representation, 
the  interphase  region  is  an  open  system  which  encom¬ 
passes  a  number  of  consecutive  elementary  processes.  A 
typical  set  of  events  is  as  follows:  reactant  molecules  are 
brought  from  the  bulk.  b.  to  the  electrode  surface,  s,  by  dif¬ 
fusion,  d.  followed  by  adsorption,  a.  and.  after  the  charge 
transfer,  products  are  returned  back  to  the  bulk.  For  A2'  as 
the  reacting  molecule,  the  set  of  events  is  given  by  Eq.  |IV] 

Aj A2'ldl  -» A2'jal  +  e  — ►  i  products  [IV] 

where  the  superscripts  identify  the  elementary  process 
considered  as  well  as  their  position  within  the  interphase. 

An  interphase  region  is  formed  whenever  an  electrode  is 
in  contact  with  an  electrolyte.  This  region  is  either  in  an 
equilibrium  with  the  bulk  electrolyte  or  in  a  stationary 
state  leading  to  a  rest  potential  which  is  a  thermodynamic 
or  a  mixed  potential,  respectively  In  the  first  case,  the  con¬ 
stituents  within  the  interphase  are  the  same  as  in  the  bulk, 
while  in  the  second  case  new  species  are  generated  by  the 
partial  electrode  reactions.  These  new  species,  depending 
upon  their  stability,  may  or  may  not  have  time  to  diffuse  to 
the  bulk. 

IR  spectroscopy  of  the  interphase  region.— In  the  cell  de¬ 
signed  for  external  reflection  spectroelectrochemistry,  the 
recorded  spectra  contain  contributions  due  to  bulk  elec¬ 
trolyte  and  the  electrode/electrolyte  interphase  (13).  The 
degree  to  which  the  interphase  region  can  be  isolated  from 
the  bulk,  and  events  associated  with  the  charge  transfer 
process  examined,  can  be  assessed  by,  e.g..  varying  the 
path  length.  The  effectiveness  of  this  technique  is  illus¬ 
trated  by  spectra  displayed  in  Fig.  4.  Figures  4a  and  b  are 
the  spectra  for  path  lengths  of  5  and  10  pm,  respectively: 
relative  intensities  between  the  two  cases  reflect  bulk  vs. 
interphase  concentrations.  The  peak  ratios  of  complexed 
species,  i.e.,  onium  ion,  A2‘,  and  complex.  A,,  to  free 
SOCI2,  increase  with  decreasing  cell  path  length  which  is 
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Fig.  2.  Effect  of  AlClj  concentration  on  shape  of  voltqmmogramj.  (a)  1 .5Af ;  (b)  2.0M;  (c)  3.0M;  (d)  4.0M  AICI3.  Scan  rote:  i’lri  =  5  mV  s  V 

Electrode  areo:  0  15  cm2  All  potentials  rs.  Ag/AgCI  reference  in  the  same  solution.  V(  indicates  rest  potential. 


indicative  of  enrichment  of  the  former  within  the  inter¬ 
phase.  A  more  quantitative  demonstration  of  the  inter¬ 
phase  enrichment  can  be  seen  in  Fig.  5  and  Table  I  where 
the  resolved  Voigt  profiles  for  the  S— O  vibration  band  at 
1 1 16  cm  1  are  displayed.  It  should  be  noted  that  both  the 
transmittance  and  reflectance  IR  spectra  were  obtained 
using  AgCl  windows.  Consequently,  the  observed  effects 
are  due  to  the  electrode/electrolyte  interphase  and  not  an 
artifact  of  the  AgCl  windows. 

The  Voigt  profiles  show  two  new  peaks  at  1132  and 
1102  cm  1  which  are  present  only  within  the  interphase. 
These  peaks  disappear  upon  cathodic  polarization.  Two 
plausible  assignments  can  be  made:  (i)  they  can  be  as¬ 
signed  to  the  symmetric  and  asymmetric  stretching  vibra¬ 
tions  of  A2,j"  or  (ii)  to  S — O  stretching  vibrations  of  A,'"1 
and  A2 '  respectively.  In  the  first  case,  these  vibrations  in 
the  bulk  solution  are  essentially  degenerate  and  appear  as 
a  broad  band.  Case  (ii)  is  consistent  with  the  observation 
that  is  more  strongly  enriched  within  the  interphase 
than  A,.  Further  distinction  between  these  two  cases  can¬ 
not  be  made  at  the  present  time.  Regardless,  since  these 
peaks  are  shifted  to  higher  frequencies,  it  follows  that  the 
adsorption  occurs  through  the  S  atom.  A  shift  to  higher 
frequency  requires  an  increase  in  the  force  constant  of  the 
S — O  bond  which  can  only  occur  if  the  pit  -»  dir  back- 
bonding  increases.  This  conclusion  is  based  on  the  thor¬ 


oughly  investigated  effects  of  bonding  through  the  S  and 
O  atoms  of  (CH3)2SO  on  the  S — O  stretching  frequencies 
(19, 20),  and  further  supported  by  MO  calculations.  These 
calculations  show  that  the  positive  charge  rests  on  the  S 
atom  (12).  For  case  (i),  the  removal  of  degeneracy  would 
imply  that  only  one  of  the  SOClz  molecules  of  the  onium 
ion  is  actually  on  the  electrode  surface. 

In  summary,  the  in  situ  IR  reflectance  spectroscopy 
clearly  indicates  that  we  have  a  complex  electrode/electro¬ 
lyte  interphase.  This  interphase  consists  of  onium  ions 
(and  possibly,  1:1  adduct)  adsorbed  on  the  electrode  sur¬ 
face  in  contact  with  a  region  of  enrichment  of  onium  ions 
and  complex  which,  in  turn,  is  in  contact  with  the  bulk. 

Shape  of  Isv  curves—  The  tendency  of  SOCl2  to  form  ad¬ 
ducts  and/or  to  solvate  ions  further  suggests  that  the  elec¬ 
troreduction  of  SOCl2  in  practical  electrolytes  comprises  a 
complex  overall  reaction  where,  most  likely,  chemical  re- 
action(s)  is  (are)  coupled  to  a  charge  transfer.  For  this  rea¬ 
son,  the  lsv  is  the  experimental  technique  of  choice  to  as¬ 
sess  the  complexity  of  this  reaction  and  elucidate,  at  least 
in  a  qualitative  manner,  its  mechanism.  This  approach  is 
based  on  the  premise  that,  for  a  specific  coupling,  a  charac¬ 
teristic  lsv  curve  is  obtained  (21,  22).  The  shape  of  this 
curve  depends  on  two  parameters:  the  thermodynamic 
parameter,  x =  Kc,  and  the  kinetic  parameter. 
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POTENTIAL/V 

Fig.  3  Effect  of  scon  rate  on  shape  of  voltammograms.  (a)  Scan  rates: 

=  i>„  SO  mV  s  '  ( - )  for  500,  (•— )  for  100,  and  ( - ) 

for  50  mV  s  1 .  (b)  Scan  rates;  ■  i‘„  ■  50  mV  s  1  ( - )  for  2;  (■■■•) 

for  5.  ( - )  for  10,  and  ( - )  for  50  mV  s  Electrolyte,  3.0 M 

AlClj.  Electrode  area:  0. 1 5  cm3. 

A  -  (RT'nF)  ciklv).  These  parameters  enter  as  a  source/sink 
term  in  the  mass  balance  equation,  Eq.  [1] 

■1C,  /l2C, 

—  —  D,  — —  -  A)  |1| 

a!  ii.r- 

where  r,  is  the  concentration  of  the  i-th  electroactive  spe¬ 
cies,  K  is  the  equilibrium  constant,  k  is  the  appropriate 
rate  constant,  and  v  the  scan  rate.  The  sourceisink  func¬ 
tion.  f(\.  A),  is  formulated  for  a  specific  set  of  events  com¬ 
prising  the  overall  reaction.  Any  discussion  of  the  reaction 
mechanismis).  even  a  qualitative  one.  must  involve  speci¬ 
fication  of  the  /.(x.  A)  function  which,  in  turn,  requires  an 
examination  of  the  effect  of  solution  composition  and  the 
scan  rate.  Often,  this  function  is  potential  dependent  and 
may  be  simplified  by  making  relevant  approximations.  Be¬ 
cause  of  the  low  conductivity  of  these  electrolytes,  any  at¬ 
tempt  for  a  quantitative  evaluation  of  kinetic  factors 
would  not  be  appropriate  (23-25)  and,  therefore,  has  not 
been  pursued  further.  It  is  emphasized  that  the  shape  of 
the  lsv  is  determined  solely  by  the  mass  balance  equation, 
Eq.  ( 1  ].  The  resistivity  of  the  electrolyte  enters  through  the 
A  parameter  and  affects  the  position  and  the  symmetry  of 
the  peak  current  as  well  as  its  magnitude.  In  particular, 
anodic  peaks  are  displaced  in  the  positive  direction  while 
the  cathodic  peaks  in  the  more  negative  direction  (24). 


WAVENUMBERS/cm-’ 

Fig.  4.  IR  reflectance  spectra  at  rest  potential,  (a)  and  (b)  Reflect¬ 
ance  spectrum  as  a  function  of  path  lengths  of  5  and  10  pm,  respec¬ 
tively.  Electrolyte,  4.0M  AlClj  in  SOCij,  electrode  material,  Au. 

In  principle,  solution  of  Eq.  { 1  ],  subject  to  appropriate 
initial  and  boundary  conditions,  implies  that  all  pertinent 
information  can  be  derived  from  the  analysis  of  a  single 
scan.  For  complex  reactions,  however,  additional  informa¬ 
tion  can  be  extracted  by  scan  reversal,  especially  if  ad¬ 
sorbed  species  participate  in  the  charge  transfer.  This  as¬ 
sertion  is  demonstrated  in  Fig.  6  where  the  shape  of  the  j/V 
curve  produced  by  the  reverse  scan  depends  on  the  point 
of  termination  of  the  forward  scan.  For  example,  when  the 
forward  scan  is  reversed  at  point  A.  the  j/V  curves  on  the 
forward  and  reverse  scan  coincide.  At  higher  cathodic 
overpotentials.  points  B.  C.  and  D,  the  oxidative  segments 
of  the  j/V  curves  differ  substantially  from  those  on  the  for¬ 
ward  scan.  These  differences  can  be  used  in  the  formula¬ 
tion  of  a  reaction  pathway. 

Initial  stages  of  lsv  curves.— The  rather  significant  en¬ 
hancement  in  the  concentration  of  A  > '  in  the  vicinity  of  the 
electrode  surface  both  at  rest  potential  and  while  cathodi- 
cally  polarized,  is  illustrated  in  Fig.  7,  where  the  reference 
spectrum  obtained  at  rest  potential  has  been  subtracted 


Table  I.  Decomposition  of  spectral  bands  of  free  and  adsorbed 
compleied  SOCI3  into  Voigt  profiles 


Method3 

Symbol11 

Complex 

(Bulk) 

Onium  ion 

Bulk 

Adsorbed  state 

T 

vo 

1116.92 

1065.55 

_ 

6.085 

36.535 

— 

— 

Avi. 

44.296 

61.382 

— 

— 

In 

1.137 

0.142 

— 

— 

A 

80.175 

16.277 

— 

— 

R/pt 

*0 

1116.96 

1064  79 

1132.25 

1 102.97 

hvG 

9.335 

60.260 

24.036 

26  640 

AV|. 

32.896 

6.350 

6.302 

11  364 

Jo 

0.046 

0.022 

0.018 

0029 

A 

2.505 

1.589 

0.578 

1  185 

R/Au 

Vo 

1116.26 

1060.11 

1132.92 

1101.40 

Ai>g 

8.536 

57.589 

28.128 

29.628 

53.452 

3.868 

8.866 

16.616 

0.080 

0.033 

0.016 

0.037 

A 

6.823 

2.135 

0.647 

1.847 

•  T— transmittance 
R— reflectance 
b  Avc — Gassian  width,  cm  1 
4vl—  Lorentzian  width,  cm  1 
fo— peak  intensity.  Abs 
A— band  area,  Abs  cm  1 
— peak  position,  cm  1 
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Fig.  5  The  950-1 1 50  cm  '  IR  special  region  decomposed  into  Voigt 
profiles,  (a)  Transmittance  spectrum,  (b)  reflectance  spectrum  from  Au 
electrode,  (c)  reflectance  spectrum  from  Pt  electrode.  Both  at  V,.  A,  C, 
S — 0  vibrations  due  to  onium  and  complex  in  the  bulk;  B,  D,  asymmet¬ 
ric  and  symmetric  S — O  stretching  vibratioas  of  the  od sorbed  onium 
ions,  respectively,  or  $ — O  stretching  vibrations  of  adsorbed  onium  ion 
and  1:1  complex,  respectively.  Electrolyte,  4.0M  AICI3  in  SOCI2 

out.  (Figure  1  shows  the  S — O  stretching  spectral  region 
for  the  polarized  and  unpolarized  cases,  vide  supra.)  There 
is  a  corresponding  displacement  of  A„  and  At.  Evidently,  at 
low  overpotentials,  i.e.,  when  the  charge  transfer  reaction 
is  insignificant,  the  major  event  is  the  potential  dependent 
shift  in  the  equilibria,  Eq.  [IHIII],  taking  place  within  the 
confines  of  the  interphase  region.  With  a  further  passage  of 
current,  new  peaks  appear,  viz.,  at  1331  and  co.  1150  cm'1 
due  to  the  formation  of  S02  and  at  1170  and  1190  cm'1  as¬ 
signed  to,  as  yet,  unidentified  products  containing  a  S — O 
bond  with  the  peak  at  1 170  cm  1  appearing  first.  It  is  note¬ 
worthy  that  these  peaks  are  not  due  to  S02  complexes  with 
either  SOCl2  or  AlClj.  Concurrently,  there  is  the  loss  of  A®, 
A,,  and  A2‘  species,  indicated  in  Fig.  7  by  the  negative 
peaks  at  1231,  1108,  and  1055  cm1,  respectively.  It  is  not 
clear,  however,  whether  the  SOCl2  in  these  species  are  si¬ 
multaneously  reduced  or  if  only  one  species,  e.g.,  A2‘,  par¬ 
ticipates  in  the  reduction  process.  This  ambiguity  cannot 
be  resolved  by  kinetic  arguments  alone  because  the  spe¬ 
cies  present  are  coupled  to  one  another  via  the  chemical 
equilibria,  Eq.  [II]  and  [III],  and  products  of  the  electrore- 
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Fig.  6.  Effect  of  scon  reversal  potential  on  the  shape  of  J/V(t)  curves. 
Electrolyte,  1.5M  AICI3  in  SOCI2;  scan  rate  v„,  =  =  5  mV  s 

points;  A,  B,  C,  and  D  indicate  scan  reversal. 


I  L.  1 - 1  ■  .1  -  J _ ■  ■ 

1400  0  1288  8  1177  6  1066.4  955.2  844  0  732  8  621  6  5100 

WAVENUMBERS/cm'' 

Fig.  7.  Effect  of  applied  overpotential  on  the  composition  of  the  in- 
terphase  by  subtractive  IR  spectroscopy.  Electrolyte,  4  0M  AICI3  in 
SOCI2. 

duction  of  one  species  may  shift  the  equilibrium  to  regen¬ 
erate  the  electroreducible  species.  However,  assuming  the 
discharge  from  either  species  can  occur  independently, 
the  MO  calculations  favor  the  discharge  from  the  A-'  spe¬ 
cies,  Eq.  [V] 

Aj*  +  e  -  P,  k„  W,  [V] 

This  conclusion  is  consistent  with  data  asssembled  in 
Tables  II-IV.  As  indicated,  the  calculated  heats  of  forma¬ 
tion  for  the  addition  of  an  electron  to  A,  and  A2'  are  -132 
and  -299  kcEil/mol,  respectively.  Assuming  P,  to  be  the  ini¬ 
tial  reaction  product,  it  is  likely  that  the  1190  and/or 
1170  cm'1  bands  in  the  IR,  Fig.  1,  are  associated  with  it  or 
with  P2  (uide  infra,  Eq.  [VI]).  Furthermore,  on  the  basis  of 
the  coincidence  of  the  forward  and  reversed  lsv  ,  Fig.  6, 
point  A,  we  conclude  that  the  charge  transfer  reaction, 
Eq.  [V],  is  irreversible. 

Development  of  current  plateau(s). — The  characteristic 
feature  of  the  reductive  lsv  is  the  appearance  of  a  current 
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Table  II.  Bond  length  and  charge  density  distribution  following 
electron  acceptance  by  neat  SOCI2 


Table  IV.  Bond  length  and  charge  density  distribution  following 
electron  acceptance  by  onium  ion 


Reactions 


Reocttons 


SOCIj,  AH,  =  22  kcal/mol 

SOCI,  +  e  —  SOCI;  ;  AH,  =  -HI  kcal/mol 
SOCI;  +  e  -  SOCI;3  ,  AH,  =  -48  kcal/mol 
(AH,  is  the  MO  calculated  heat  of  formation  from  the  elements) 


Cf;AI( * — OSCI;);  AH,  =  -  1 1  kcol/mol 
CI;AI(— OSCI,);’  +  e  —  CI;AI(— OSCI,),;  AH,  =  -310  kcal/mol 
CI;AI(— OSCI,),  *  e  —  CI;AI(— OSCI;);  ,  AH,  =  -347  kcal/mol 
(AH,  is  the  MO  calculated  heat  of  formation  from  the  elements) 


Bond  lengths.  A 


Bond 

SOCI; 

SOCI; 

SOCl22 

s  0 

1.468 

1.477 

1.492 

S— Cl, 

2.037 

2.160 

2.452 

S-CI; 

2.038 

2.161 

2.453 

Charge  density 

Atom 

SOCl2 

SOCI; 

SOCI,2 

S 

1  2349 

0.9203 

0.4708 

O 

0,5500 

0.5644 

0.7369 

Cl, 

-0  3424 

0.6789 

0.8669 

Cl; 

0.3425 

0.6790 

0.8670 

Table  III.  Bond  length  ond  charge  density  distribution  following 
electron  acceptance  by  1 : 1  complex 


Reactions 

CI,AI  —  OSCI;,  A//,  1 78  kcal/mol 

CljAl  -  OSCI;  *  e  -  CI3AI  —  OSCI;  ,  AH,  --  309  kcal/mol 
CljAl  -  OSCI;  *  e  -  CI)AI  —  OSCI;2  .AH,  -  309  kcal/mol 
(AH,  is  the  MO  calculated  heat  of  formation  from  the  elements) 


Bond  lengths.  A 

Bond 

CljAl  -  OSCI;  CbAll-OSCl;) 

ChAl(-OSCt);)2 

S  O 

1  496 

1.5315 

1.560 

S  Cl. 

2.020 

2.056 

2.179 

S  Cl. 

2  018 

2.055 

2.179 

O  Al 

1  845 

1  7436 

1  673 

A!  Cl. 

2  103 

2  154 

2  182 

Al  Cl, 

2.1(17 

2  143 

2.183 

Al  Or, 

2.127 

2  137 

2.187 

Charge  density 

Atom 

Cl, Al, -OSCI;)  Cl, Ai, -OSCI;) 

Cl.,AI(-OSCl);l2 

S 

1 .3293 

0.0872 

0.6609 

O 

0.6238 

0.6592 

0.6791 

Al 

0.9616 

0  9859 

1.0317 

Cl 

0  2235 

(1  4461 

0.6966 

Cl 

0.2217 

(1  4472 

0.6973 

Cl, 

0  4382 

0  4884 

0.5378 

Cl, 

0  3075 

0  4718 

0.5378 

CL 

0  3861 

0.4604 

0.5440 

plateau  extending  over  a  considerable  range  of  overpoten- 
tials.  cf.  Fig  2 .  The  development  of  such  a  current  plateau 
in  lsv  experiments  suggests  coupling  of  chemical  reac- 
tinnisi  to  the  charge  transfer.  More  specifically,  the 
coupling  reaction  must  either  precede  or  be  in  parallel 
with  the  charge  transfer  For  the  ce-type  reaction,  the  cur¬ 
rent  plateau  is  proportional  to  the  concentration  of  the 
electroactive  species,  here  A-  .  but  independent  of  the 
scan  rate  The  experimental  evidence  presented  in  Fig.  3. 
is  m  agreement  with  the  first  but  not  the  second  condition, 
if  the  charge  transfer  reaction  is  irreversible.  The  situation 
1  less  clear  if  the  charge  transfer  reaction  is  reversible  or  if 
it  occurs  in  parallel  (31)  In  the  simplest  case,  the  appear¬ 
ance  of  die  current  plateau  for  an  exponential  j  -  flV)  rela¬ 
tionship.  reu.  ires  that  the  depletion  of  the  electroactive 
species  is  balanced  bv  its  production  within  the  zone  adja¬ 
cent  to  the  electrode  surface.  Otherwise,  with  an  increase 
in  overpotential  (and,  in  the  lsv  experiments,  also  with 
time)  the  condition  hA  .  at  =  0  cannot  be  realized. 

With  the  further  increase  in  cathodic  overpotentials,  yet 
another  current  plateau  appears.  Fig  2b.  This  current  pla¬ 
teau  occurs  w  ithin  a  much  narrowei  potential  range  and  is 
better  defined  at  slower  scan  rates  and  lower  AICI,  concen¬ 
trations  While  the  coupling  of  reaction.  Eq.  1 1 1 1 )  with  the 
charge  transfer,  Eq.  |IV|.  is  presumed  to  be  responsible  for 
the  development  of  the  first  current  plateau,  the  condi¬ 


Bond  lengths,  A 


Bond 

C1;A1  * —  OSCI;);" 

Cl;Al(-OSCl;); 

CljAK— OSCI);); 

s,-o, 

1.506 

1.496 

1.534 

2.010 

2.013 

2.053 

S.-Cl; 

2.103 

2.018 

2.049 

Al — O, 

1.795 

1.844 

1.737 

Al—  Cl, 

2.093 

2.108 

2.145 

Al  Cl, 

2.096 

2.121 

2.147 

Al— O, 

1  785 

1.688 

1.737 

0-— s> 

1.510 

1.534 

1.533 

S;-Ci5 

2.009 

2.031 

2.053 

Sr  Cl,, 

2.012 

2.052 

2.050 

Charge  density 

Atom 

C1;AI(—  OSCI;);' 

Cl;Al(-OSCl;)2 

C1;A1(— OSCI),); 

Al 

1.1016 

1.116 

1.081 

o, 

0.6868 

0635 

0.6719 

O, 

0.6836 

0.737 

0.6728 

s, 

1.3343 

1.336 

1.007 

s. 

1  3265 

1.044 

1  007 

Cl, 

0.1579 

-  0.225 

0.450 

Cl, 

0.1711 

0218 

0.444 

Cl., 

0.3666 

0.407 

0.480 

Cl, 

0.3691 

0.432 

0.482 

CIs 

0  1585 

0.3913 

0.450 

Cl„ 

0.1686 

-  0.4501 

0.444 

tions  for  the  development  of  the  second  plateau  cannot  be. 
at  the  present  time,  as  clearly  stated.  However,  if  the  inter¬ 
phase  region  is  considered  an  open  system,  the  condition 
of  constant  affinity  exists  and  can  be  specified  by  ther¬ 
modynamic  reasoning,  provided  that  the  necessary  infor¬ 
mation  is  available  (18,  26).  Analogous  to  the  development 
of  the  first  plateau,  the  appearance  of  the  second  plateau 
may  be  attributed  to  the  coupling  of  adsorption  and  charge 
transfer  to  the  chemical  reaction  and  diffusion.  Occur¬ 
rence  of  chemical  reaction(s)  requires  the  presence  of  reac¬ 
tion  layer,  r,  sandwiched  between  the  adsorption  and  dif¬ 
fusion  layers. 

Reversal  of  the  reductive  scan  at  potentials  within  the 
current  plateau,  e.g..  at  point  B.  Fig.  6.  results  in  a  decrease 
in  the  charge  transfer  current  density  which  can  be  attrib¬ 
uted  to  blocking  of  the  electrode  surface  by  an  adsorbed 
species.  P ■>*',  generated  by  a  slow  reduction  of  Pi.  Eq.  [VI] 

P,""  v  e  -  Pb3"  k  ,  -  .-  k.,;  V,".  [VI] 

The  participation  of  an  adsorption  step  becomes  quite 
evident  at  higher  overpotentials.  Qualitatively,  the  pres¬ 
ence  of  an  adsorption  step  is  illustrated  in  Fig.  6  where  a 
plot  of  the  oxidative  lsv  is  displayed  as  a  function  of  ter¬ 
minating  potential  of  the  reductive  scan.  The  oxidative  lsv 
exhibits  two  broad  peaks  whose  currents  increase  with  the 
terminating  voltage,  without  substantial  changes  in  their 
potentials,  however.  Such  a  behavior  leads  to  the  follow¬ 
ing  conclusions:  (i)  as  the  overpotential  increases  so  does 
the  accumulation  of  reaction  product(s)  at  the  electrode 
surface,  and  (ii)  these  product(s)  are  reoxidized  within  the 
potential  range  200-1000  mV.  Thus,  the  charge  transfer  re¬ 
action.  Eq  [VI  ].  is  quasi-reversible. 


Elementary  processes  at  higher  overpotentials.— The  cur¬ 
rent/time  relationship.  j(0.  I),  for  V(t)  =  V,  *  |v|l.  for  the  N 
electroactive  species  and  M  adsorption  processes,  is  given 
byEq.[2| 


7(0.  t) 


F 


N 

V  n,L 
,  1 


ic,  m  da 

-  +  v  |m_ - 

tuo  ^1  dt 


!21 


where  I  m  denotes  the  maximum  surface  coi  centration  of 
the  m-th  species.  Both  terms  in  Eq.  [21  are  time  dependent, 
but  in  a  different  way.  At  slow  scan  rates,  transport  of  reac- 
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tants  and  products  between  the  bulk  and  the  interphase  is 
substantial  and  the  observed  lsv  is  sensitive  to  the  scan 
rate.  At  fast  scan  rates,  the  condition  at  the  electrode  sur¬ 
face  is  the  dominant  factor  and  the  contribution  due  to 
transport  is  minimal.  As  a  general  observation,  the  scan 
rate  of  v  =  100  mV  s  1  is  taken  as  the  rate  separating  these 
contributions  (27). 

The  composition  of  the  interphase  region,  arising  from 
the  interplay  between  the  electrode  surface  processes  and 
the  bulk,  is  determined  by  the  reductive  scan  rate  and  the 
terminal  potential.  To  illustrate,  we  selected  two  scan 
rates,  viz.,  5  and  100  mV  s'1,  with  the  terminal  voltage  at 
- 1200  mV.  In  accordance  with  Eq.  [2],  the  slower  scan  in¬ 
cludes  the  effect  of  transport  on  surface  processes  while 
the  faster  scan  focuses  on  the  processes  pertinent  to  the 
adsorbed  species.  Even  a  cursory  examination  of  Fig.  8a 
and  b,  reveals  that  a  slow  reductive  scan  promotes  the  ac¬ 
cumulation  of  reaction  product  that  can  be  reoxidized. 

The  surface  condition  generated  by  the  slow  and  fast  re¬ 
ductive  scan  are  examined  via  the  analysis  of  the  oxidative 
lsv.  In  particular.  Fig.  9a-d  show  the  response  of  the  elec¬ 
trode/electrolyte  interphase  generated  at  a  slow  reductive 
scan  and  Fig.  lOa-d,  for  fast  scans.  It  is  seen  that  the  inter- 
phase  generated  at  slow  scan  rate  is  insensitive  to  the  oxi¬ 
dative  scan  rates  throughout  the  potential  range.  Differ¬ 
ences  only  appear  within  the  potential  range  of  anodic 
currents  The  response  of  the  interphase  generated  at  fast 
scan  rate  is  more  complex,  viz.,  high  scan  rates  affect  the 
region  of  anodic  currents  while  slow  rates  influence  pro¬ 
cesses  immediately  after  scan  reversal.  Such  a  behavior  is 


Fig.  8  Effect  of  reductive  scan  rote  on  the  composition  of  the  inter- 
phase  displayed  by  oxidative  lsv  at  =  5  and  100  mV  s  1  (a)  for 
=  10  mV  s  ',  (b)  for  =  100  mV  s  '.  Electrolyte,  3.0A1  AlClj  in 
SOCI2,  i ,,  indicated 


Fig.  10.  Effect  of  v„  on  Hie  shape  of  oxidative  Isv's  for 
=  100  mV  s  1  and  terminated  at  - 1200  mV.  Electrolyte,  3.QM  AlClj 
in  SOCI2. 


consistent  with  fast  adsorption  of  species  from  the  reac¬ 
tion  layer. 

The  common  feature  of  oxidative  lsv  is  the  appearance 
of  anodic  peak  currents.  These  currents  indicate  the  pres¬ 
ence  of  oxidizable  substance(s)  in  an  adsorbed  state  and, 
most  likely,  a  reversible  character  of  a  charge  transfer 
process,  Eq.  [V],  Their  functional  dependence,  j  =  f(v),  is 
used  in  the  analysis — a  linear  relationship  is  associated 
with  adsorption  while  the  square  root  dependence  usually 
implies  an  intervention  of  a  diffusional  flux  in  the  overall 
process.  Results  summarized  in  Fig.  1 1  indicate  the  domi¬ 
nance  of  adsorption  in  a  3. DM  A1C13  in  SOCl2  electrolyte 
and  the  participation  of  diffusion  in  a  4.0M  solution. 

Sequence  of  events,  their  rates,  and  the  nature  of  interme¬ 
diates. — The  behavior  of  the  Me/AICl3-SOCl2  system,  sub¬ 
ject  to  cathodic  polarization  is  the  result  of  the  participa¬ 
tion  of,  at  least,  three  species,  Af ,  P,.  and  P2.  Of  these 
species,  the  onium  ion,  A2‘,  is  adsorbed  rapidly  on  the 


POTENTIAL/V 


O 


POTENTIAL/V 


Fig.  9  Effect  of  on  the  shape  of  oxidative  Isv's  for 
v,*  =  1 0  m V  s  1  and  terminated  at  -  1 200  mV  (vs.  Ag/AgCI  in  the 
some  solution)  (a)  =  10  mV  s  (b)  v„  >  125  mV  s  (c) 

50  <  v„  <  100  mV  s  (d)  <  20  mV  s  '.  Electrolyte,  3.0M  AlClj 

in  SOCIj 


v0,/mV  s'1 

5  10  15  20 


Fig.  1 1 .  Plots  of  onodic  peak  currents  os  a  function  of  sweep  rote. 
Curve  o,  for  3.0M  AICI3  in  SOCI2;  curve  b,  for  4.0M  AICI3  in  SOCI2. 
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4.  Chemical  reactions,  including  the  formation  of  stable 
products  occur  within  the  interphase  region.  Desorption 
destabilizes  intermediate  species. 
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Fig  1 2.  Summary  of  participating  elementary  processes  during  SOCI; 
electroreduction.  Superscripts  defined  in  text. 

electrode  surface,  so  that  its  surface  concentration  is  inde¬ 
pendent  of  the  scan  rate.  The  presence  of  adsorbed  species 
modifies  thej/V  relationship  which,  in  turn,  makes  the  in¬ 
terpretation  of  voltammograms  more  difficult  and  the 
identification  of  participating  processes  less  certain.  The 
separation  of  anodic  peaks  at  lower  scan  rates,  shown  in 
e.g..  Fig.  10b,  is  indicative  of  surface  coverage  by  more 
than  a  single  species  (28).  The  cross  over  of  the  reverse 
scan.  cf.  Fig.  2d  and  3b,  implies  that  the  standard  potential 
of  reaction.  Eq.  [VI],  is  more  positive  than  for  the  first  elec¬ 
tron  transfer.  Eq.  |V),  i.e..  V2"  >  V,°. 

The  summary  of  events  associated  with  the  electrore¬ 
duction  of  SOCL  in  the  A1C1:i-SOC12  system  is  presented  in 
Fig  12.  Initially,  at  rest  potential,  the  interphase  is  equili¬ 
brated  with  the  bulk.  Eq.  1 1 1-| Ill |,  with  a  significant  enrich¬ 
ment  of  A,  and  A,  in  the  vicinity  of  the  electrode  surface. 
The  interphase  consists  of  adsorption  and  enrichment  lay¬ 
ers  in  contact  with  the  bulk  electrolyte. 

Upon  cathodic  polarization,  the  composition  of  the  inter- 
phase  includes:  P,'"’.  P| ",  p.'\  Py"  with  k  2  >  •  k2.  The 
composition  of  the  interphase  is  now  governed  by  the 
charge  transfer  processes.  Eq  |V|  and  f VI  |.  transport  from 
the  bulk  and  desorption  from  the  electrode  surface.  The 
enrichment  layer,  defined  in  the  absence  of  the  charge 
transfer,  becomes  the  reaction  layer,  where  species  P,  and 
P..  stabilized  by  the  adsorption,  undergo  chemical  reac- 
tion(s)  to  yield  stable  species  Cl  ,  S,  and  S02.  These  species 
interact  with  the  components  of  the  interphase,  diffuse  to 
the  bulk  where  they  may  affect  the  established  equilibria 

Conclusions 

1  Because  of  the  reactivity  of  SOCl2  molecules,  study  of 
its  electroreduction  must  consider  the  nature  of  the  elec¬ 
trolyte. 

2  Reduction  occurs  via  the  two-electron  transfer  of 
which  the  first  is  irreversible  while  the  second  is  quasi- 
reversible  with  k  2  •  ■*  k2  and  V/1  more  positive  than  V,°- 

3.  Adsorption  processes  play  a  key  role  in  the  reduction 
mechanism,  giving  rise  to  mild  autocatalytic  effects.  Diffu- 
sional  processes  modify  the  adsorption  characteristics. 
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ABSTRACT 

A  method  for  computing  intercell  load  and  nodal  currents  in  a  parallel-connected  battery  assembled  from  several 
series-connected  modules  is  described.  The  method  covers  systems  sharing  a  common  electrolytic  path  and  operating 
with  constant  as  well  as  variable  parameters  such  as  are  encountered  in  practice.  The  multimodule  Li/SOCl2  battery  is  se¬ 
lected  to  illustrate  the  pertinent  points. 


Energy  and  power  dense  batteries  are,  of  necessity,  con¬ 
structed  by  arranging  individual  cells  in  series  and  provid¬ 
ing  a  common  manifold  for  electrolyte  circulation  or  bat¬ 
tery  activation.  Whenever  an  increase  in  either  extractable 
energy  content  or  power  output  is  required,  a  number  of 
modules  are  connected  in  parallel.  For  practical  reasons, 
e  g  .  to  maintain  simplicity  of  design  or  to  minimize  the  use 
of  auxiliary  equipment,  a  continuous  electrolytic  path  is 
retained.  Such  an  arrangement  is  expected  to  modify  the 
distribution  of  the  intercell  currents. 

The  purpose  of  this  communication  is  to  examine  the 
distribution  of  intercell  currents  in  an  assembly  of  mod¬ 
ules  sharing  a  common  electrolytic  path.  The  treatment 
follows  closely  that  given  in  Ref.  (1).  Also,  the  examples  se¬ 
lected  to  illustrate  specific  points,  e.g.,  energy/power  losses 
and  the  structural  integrity  of  cells,  pertain  to  L,i/SOCl2 
batteries  that  employ  a  bipolar,  thin-cell  design. 

Intercell  Currents 

An  intercell  current  is  an  ionic  current  that  originates  in 
one  cell  and  terminates  in  another.  Its  magnitude  depends 
on  the  module  design  and  the  nature  and  properties  of  par¬ 
ticipating  processes  and  is  usually  evaluated  under  a  set  of 
restrictive  conditions.  In  the  present  discussion,  we  retain 
the  basic  assumptions  and  definitions  of  Ref.  (1);  i.e.,(i)  the 
current  distribution  can  be  simulated  by  an  equivalent 
electric  circuit  analog,  shown  in  Fig.  1;  (ii)  the  phenomeno¬ 
logical  coefficients  associated  with  the  ionic  current  in  the 
segments  of  the  electrolytic  path  are  replaced  by  equiva¬ 
lent  resistances,  R,  and  Rr,  requiring  the  assumption  of  uni¬ 
form  current  on  the  cross  section  of  the  segments;  (iii)  the 
potentials  in  the  electrolyte  phase  at  the  entrance  port  to 
the  cell,  <t>„  are  uniform  and  equal  to  a  longitudinal  average 
between  equipotential  cell  electrodes  having  a  potential 
difference  between  them  of  V,  =  VCA  -  V,  ,;  ( iv )  the  bipolar 
plates  are  equipotential,  i.e.,  Vc,,  =  V,.,,,,  i  =  1, 2, ....  N  -  1; 
and  (v)  the  intercell  current  is  defined  as  the  difference  be¬ 
tween  circulating  currents,  i.e.,  I,  =  J,  ~  J,.\,  where  the  cir¬ 
culating  currents  at  the  terminal  cells  of  the  battery  are 
zero. 

Multimodule  Assembly 

An  example  of  a  multimodule  arrangement  is  shown  in 
Fig.  2.  In  general,  an  assembly  can  contain  either  an  odd  or 
an  even  number  of  modules  which,  when  connected  in 
parallel,  share  positive/positive,  (+/+),  and  negative/ 
negative,  ( -  /  - ),  interfaces.  If  an  assembly  contains  an  odd 
number  of  modules,  only  one  configuration  is  possible,  i.e., 
one  positive  and  one  negative  assembly  terminal.  How¬ 
ever,  if  the  assembly  contains  an  even  number  of  modules, 
two  configurations  are  possible,  viz.  both  assembly  ter¬ 
minals  are  either  positive  or  negative.  Symbols  and  con¬ 
ventions  employed  here  are  those  in  Ref.  (1).  In  addition, 
in  each  module  the  cells  are  counted  from  1  to  N  from  the 
negative  to  the  positive  end.  Quantities  associated  with  a 
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module  are  identified  by  a  preceding  index  in  parenthesis; 
e.g.,  (mVi  denotes  the  load  current  generated  by  the  mth 
module.  For  convenience,  whenever  a  direct  comparison 
is  made  with  a  corresponding  statement  in  Ref.  (1),  it  is  in¬ 
dicated  accordingly,  e.g.,  [r.lj  refers  to  Eq.  [1]  of  Ref.  (1), 
and  whenever  all  quantities  in  an  equation  have  the  same 
module  index,  the  index  will  be  suppressed,  provided  that 
no  ambiguity  exists. 

The  formulation  of  appropriate  equations  is  the  same  as 
for  the  single  module  except  for  the  matching  conditions 
at  the  (+/+)  and  the  (-/-)  interfaces  between  the  neigh¬ 
boring  modules.  For  an  M-  module  battery,  Eq.  [r.l],  ex¬ 
pressing  the  potential  across  the  load,  V  =  £  (m,V„  be¬ 
comes  Eq.  [1] 

V  =  R,  %  lmlJ  [1] 

m  =  l 

while  Eq.  [r.3],  applied  to  the  terminal  cells  of  the  as¬ 
sembly,  becomes  <UJ,  =  m'J,  =  0,  where  p.  and  v  are  either 
zero  or  N  depending  upon  which  cell  of  the  module  ter¬ 
minates  the  battery.  However,  in  the  terminal  cells  of  a 
module,  i.e.,  at  coupling  interfaces  between  modules,  the 
circulating  currents  are  not  necessarily  zero;  specifically, 
they  are 

,m"JN  =  -lm'JN  =  d,m  ,„m,  [2a] 

=  [2b[ 

where  Jim  and  J(mum, ,>  are  the  coupling  currents  be¬ 

tween  respective  modules.  Equation  [r.6],  denoting  the 


Ri 


fig.  1 .  Module  representation  by  an  equivalent  electric  circuit:  V ,- 
cell  voltage;  4>,_  i-potential  at  manifold  inlet  to  (i  -  1 )  -  Hi  cell;  J,- cir¬ 
culating  current;  A- loop  current  in  an  external  resistor,  ft £  Rrmanifold 
feed-line  resistor;  and  A, -equivalent  feed  tube  resistor.  Control  volume 
indicated  by  heavy  dashed  lines. 
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u. 


Fig.  2.  Multimodule  battery  representation:  (a)  solid  lines,  for  an  odd 
number  of  modules,  ond  (b)  doshed  lines,  lor  on  even  number  al 
modules. 


a  (*)/(♦) 


!•> 


Fig.  3  Module/module  coupling  representation  by  on  equivalent 
electric  circuit:  (o)  for  the  ( + )/( + )  interlace,  ond  (b)  for  the  (  - )/( - )  in¬ 
terface.  Circuit  components  as  in  Fig.  I. 


equipotential  character  of  bipolar  plates,  is  retained.  The 
load  voltage  in  Eq.  [  1 ),  in  terms  of  electrode  potentials,  is 

v  -  I-.N  K,  131 

where  the  parallel  connection  of  the  modules  is  denoted 

by 


where  R,m_„  ,m>  *s  the  coupling  resistance  between  the  two 
modules. 

The  development  of  a  corresponding  expression  for  the 
same  potential  difference  through  the  interior  region  is 
somewhat  more  complex.  In  deriving  this  expression,  fre¬ 
quent  references  to  Appendix  B,  Ref.  (1)  are  required.  Ex¬ 
amining  Fig.  3,  we  write  in  an  analogy  to  Eq.  [r.B5] 

lmld>N  -  =  lml(<t>o.N  +  InRpjv) 

-  ,m  l,(«t>o.N  +  I nRp.n)  [5] 

where  ,rn,<tyN  is  the  potential  at  the  interior  side  of  the  ficti¬ 
tious  dividing  junction  in  the  absence  of  intercell  current 
lmlfN,  and  RpN  is  the  impedance  to  intercell  current  at  the 
entrance  port.  To  evaluate  this  difference  and  express  it  in 
terms  of  battery  operation  and  design,  we  make  use  of  the 
following  relationships,  Eq.  [6]-[ll],  where  the  module 
index  has  been  suppressed 


^0,N  ~  VCiN  “  Uc.fi  +  (t^N  ”  VN) - 

°i.N 

[6] 

Furthermore,  we  have 

(Um  -  Vn)  =  [  Ia>N  +  - jftc.N 

\  frCiN  / 

[7] 

^a>N  =  J\  +  Jfi-l 

[8] 

,m  "/N  =  'm  ”JN  -  <m  UJN  , 

[9] 

[10] 

and 

<T " 1  =  CTa  1  +  XJC  1 

[H] 

Equations  [9]  and  [10]  are  obtained  from  Eq.  [r.4]. 

Upon  substitution  of  these  relationships  into  Eq.  [5]  and 
combining  with  Eq.  [4],  after  some  algebraic  manipu¬ 
lations,  we  obtain  the  matching  conditions  at  the  (  +  /+)  in¬ 
terface,  Fig.  3a 

"n'U,.N  ,n’-"Ur  N  =  iR*,.n)  -  <m’WN  iR\n) 


\  Oc.N  /  \  Oc-.N  / 

<TN  \ 

+  ,m'JN  ■  R\n  +  Rt. n - - 

\  <VN  > 

lm"Y  I7N  \ 

+  >m‘JN  R*  r.N  +  ftr.N  — 

\  Oc.N  / 


V,,  "'V.,,  =  . . .  -  IM'VB| 

V,.N  "'V,  Ny=  .  .  .  “  1 3a] 

as  indicated  in  Fig.  2 

In  Ref.  (1),  the  set  of  N  equations  ( r.  1 5 1  and  |r.l7]  deter¬ 
mined  the  distribution  intercell  and  circulating  currents 
within  a  single  module.  Here,  a  corresponding  set  for  each 
module  is  required  and  an  additional  (M  l)  equation  is 
written  to  account  for  the  presence  of  coupling  between 
modules. 

Conditions  at  the  Module/Module  Interfaces 

A  (*/  *■ )  interface  between  the (m  1)  th  and  mth  mod¬ 
ule,  together  with  the  identification  of  the  elements  of  the 
electric  circuit  analog,  is  shown  in  Fig.  3a.  For  conven¬ 
ience,  we  define  a  fictious  junction  at  the  entrance  port  of 
the  cells  separating  the  exterior  and  interior  regions  of  the 
cell-feedline-loop  currents  that  couple  the  modules;  here, 
'I'm!.,  -  <t>N|1„.  We  have  for  the  exterior  portion  of  the 
coupling-current  loop  the  potential  difference 


+  '""J  NR.mum.ll  [12] 

where  RY.n  ’  Rr.N  ‘  Rp. n  ~  R;.NON2/(Ta  Nor  N. 

Matching  conditions  for  the  (-/-)  interface,  shown  in 
Fig.  3b,  are  calculated  in  an  analogous  manner.  Following 
the  same  procedure  with  due  attention  to  the  direction  of 
current  flow,  we  have 

'm‘"UaA  -  <n’"'(J1R*t.1)  -  ,m'(JiR*r.i) 


25.)-  ■— '(A R...JIL) 

'  <r«.i  /  V  <r,.i  / 

+  +  R,., 

+  "(r*,.,  +  R,., 


,m>*N  -  ""  V N  ,R,n) 


f -"""'•VU.im.,,  [13] 


*■  Jim  tl.imlf  ^  1  RfN  +  Rlrr 


f  'm'Ri.v] 

+  ,mUy  ,RfN)  [4] 


where  R*r ,  =  R, ,  +  Rp ,  -  R,  , 


®i 
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inrramodule  Equations 

In  addition  to  the  above  (M  -  1)  intermodule  equations, 
M  sets  of  equations  corresponding  to  Eq.  [r.  15]  and  [r.17], 
which  were  needed  to  calculate  the  distribution  of  inter¬ 
cell  and  circulating  currents  in  a  single  module,  are  re¬ 
quired  for  an  assembly  of  modules.  Thus,  for  each  of  the 
modules,  Eq.  [14],  corresponding  to  [r.15],  applies 

£  U.  -  V  +  2  (■AK'J  +  Ji  £  R„ 

1  =  1  i  =  1  1=1 


+  (j»R„— )  +  (jNR,N— )  [14] 
V  cra.i  /  \  <tc.n  / 

while  Eq.  [r.  17]  remains  unchanged  except  for  the  addition 
of  an  implied  module  index. 

Method  of  solution. — The  solution  of  these  equations  for 
large  N  and  M  on  small  computers  is  facilitated  by  con¬ 
sidering  the  couphng-loop  currents  at  each  module  inter¬ 
face  as  well  as  at  the  module  load  currents  as  undeter¬ 
mined  coefficients.  Then  by  solving  separately  for  each 
module,  the  tridiagonal  banded  sets  of  Eq.  [r.  17]  with  2 M 
appropriately  chosen  sets  of  these  coefficients,  a  set  of 
(2 M  -  1)  linear  equations  for  the  coefficients  is  obtained. 
The  solutions  of  these  (2Af  -  1)  equations  and  the  subse¬ 
quent  substitution  of  this  solution  into  Eq.  [r.  17]  provides 
M  sets  of  (IV  -  1)  equations  to  be  solved  for  the  remaining 
loop  currents. 

Only  minor  differences  in  handling  the  changes  in  cell 
parameters  upon  discharge  from  those  in  Ref.  (1)  are  intro¬ 
duced  here.  Instead  of  using  Eq.  [r.48]  and  [r.49]  to  describe 
the  change  in  the  electrolyte  conductivity  near  the  positive 
electrode  of  a  cell  and  in  the  feed  line  into  a  cell,  we  now 
employ  Eq.  [15]  and  [16],  respectively,  for  the  time-depen¬ 
dent  k  ft)  and  Kf(t) 


k c(t)  - 


tUK*z 

1  +  (Qc(tVQc)4' 


[15] 


and 


where 


Kd  + 


K  -  Kd 

1  +  (Q,(t)IQi)t' 


[16] 


[17] 


wTNU 
MR,  +  NR , 


[18] 


in  which  R,  is  the  nominal  cell  internal  impedance 

QJt)  =  -  [‘ f,(r„)dt  [19] 

In 

and 


negative  electrode  in  the  time  interval  t.  The  quantity  Q, 
denotes  the  amount  of  charge  transferred  by  the  reversed 
current  required  to  half-fill  the  feed  tube  volume,  Vf,  with  a 
reaction  product,  e.g.,  metallic  Li,  having  a  volume  per 
equivalent  weight,  Vd,  and  conductivity,  Kd.  The  quantity 
Qc(t )  is  the  actual  amount  of  charge  transferred  to  the  posi¬ 
tive  electrode  of  a  cell  within  the  same  time  period,  t,  while 
<JC,  with  to  =  1,  represents  the  amount  of  charge  that  would 
be  transferred  to  the  positive  of  a  nominal  cell  in  the  time 
interval  T  under  conditions  of  no  intercell  current  flow  and 
no  changes  in  cell  parameters  during  the  discharge.  The 
factor  w,  which  is  always  less  than  unity,  is  introduced  to 
account  for  the  faradaic  inefficiency  within  a  particular 
cell. 

If  a  battery  contains  more  than  one  manifold-feed  tube 
in  parallel,  a  case  often  seen  in  practice,  it  is  necessary  to 
replace,  for  the  purpose  of  calculation  only,  the  actual  as¬ 
sembly  with  an  equivalent  set  of  parallel  assemblies,  each 
having  one  manifold  feed  tube,  and  an  equivalent  load  re¬ 
sistance,  R,,  equal  to  the  actual  load  resistance  multiplied 
by  the  number  of  feed  tubes.  Similarly,  the  equivalent  load 
current  in  the  mth  module,  equals  the  actual  load  cur¬ 
rent  divided  by  the  number  of  feed  tubes.  Furthermore, 
the  outer  electrode  radius  is  calculated  from  an  effective 
electrode  area  which  equals  the  actual  area  divided  by  the 
number  of  feed  tubes.  However,  the  manifold  tube  radius 
and  the  inner  electrode  radius  remain  the  actual  values. 
These  assumptions  appear  reasonable  because  reversed 
currents  occur  only  near  the  manifold  fill  tube  so  that  the 
cell  geometry  away  from  the  manifold  tube  is  much  less 
important  than  that  near  the  fill  tube. 

Illustrative  Examples 

Two  aspects  of  a  Li/SOCl2  battery  scale-up,  i.e.,  the  addi¬ 
tion  of  modules,  are  presented:  First,  the  discharge  charac¬ 
teristics  of  a  three-module  battery  that  are  experimentally 
accessible  (2),  are  compared  with  calculated  nodal  and 
load  currents  on  individual  modules.  Second,  the  reversed 
intercell  currents  are  examined  for  a  three-module  battery. 
The  latter  is  considered  to  illustrate  how  the  number  of 
modules  may  affect  the  integrity  of  functional  elements, 
and  whether  or  not  battery  size  may  contribute  to  the  initi¬ 
ation  of  catastrophic  events  (3).  The  computer  input  data 
are  tabulated  in  Table  I. 

Experimental  discharge  characteristics  of  a  three- 
module  assembly. — As  illustrated  in  Fig.  4,  the  delivery  of 
the  total  current  is  smooth.  The  current  supplied  by  indi¬ 
vidual  modules,  however,  varied  during  the  discharge  (2). 
In  particular,  the  current  labeled  /,,  was  measured  at  the 
positive  collector  plate  of  the  first  module,  and  current  Ib 
was  measured  at  the  negative  collector  plate  between 
modules  1  and  2.  Current  Ib,  was  measured  at  the  positive 
collector  plate  between  modules  2  and  3,  and  I,  was  meas¬ 
ured  at  the  negative  collector  of  module  3.  The  7b.  and  Ib_ 

Table  I.  Data  for  modeling  of  intercell  currents  in 
assembly  of  modules 


Input  Data 


Qr  = 


tfVfF 

2V„ 


[20] 


The  minus  sign  in  Eq.  [  19]  arises  because  J,(r„)  represents  a 
reversed  current  on  the  negative  electrode. 

The  forms  of  Eq.  [15]  and  [16]  permit  the  conductivities 
K|f  t )  and  k,( t )  to  vary  smoothly  over  their  allowed  ranges. 
The  adjustable  parameters,  i,  and  4c.  arc  chosen  to  provide 
module  discharge  characteristics  approximating  observed 
behavior.  The  effect  of  reversed  anode  current  is  notice¬ 
able  throughout  the  module  discharge  period.  On  the 
other  hand,  the  discharge  current  affects  the  internal  cell 
impedance  only  after  a  significant  amount  of  charge  has 
been  transferred.  For  these  reasons,  4f  is  chosen  to  be  of  the 
order  of  unity  while  ^  was  assigned  a  much  larger  value, 
e.g..  on  the  order  of  ten. 

The  meaning  of  Qi<t)  and  Qft)  is  as  follows:  Qi(t)  repre¬ 
sents  the  charge  transferred  by  reversed  current  on  a  cell 


Electrolyte  conductance 
Deposit  conductance 
Electrode  polarization-anode 
Electrode  polarization-cathode 
Open-circuit  potential 
Deposit  volume  (equiv.) 

Fill  tube-length 
Feed  path-thickness 
Electrode-separation  (nominal) 
Feed  path  porosity-separator 
Cell  porosity-separator 
Radius-611  tube 
Electrode  inner  radius 
Electrode  outer  radius  (equiv.) 
Number  feed  tubes/module 
Cell  lifetime 
Coupling  factor 
Number  cells/module 
Factor  (cf.  text) 

Factor  (cf.  text) 

Load  resistance 


k,  S  cm  1 

0.01 

k<i.  S  cm  1 

100.0 

k„  S  cm  2 

5.0 

Kf,  S  cm  2 

1.0 

u,v 

3.74 

Vd,  cm3 

25.0 

It,  cm 

0.04 

d,  cm 

0.05 

8*.  cm 

0.04 

€f 

0.8 

«x 

0.5 

rt,  cm 

0.3 

a,  cm 

1.3 

b,  cm 

8.7 

2 

T.s 

480.0 

a 

1.0 

N 

50 

4c 

13.0 

4r 

1.0 

S,,n 

3.0 

Coupling  factor:  a  =  Rmum-u/Rt  with  R,  given  by  Eq.  [r.34]. 
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fig.  4.  Nodal  load  currant  variation  in  an  experimental  three-module 
assembly:  (a)  electric  circuit  analog  of  a  three-module  battery,  and  (b) 
measured  current  variation  during  discharge. 

currents  are  initially  about  twice  that  of  the  /a  currents  be¬ 
cause  two  modules  share  these  plates. 

Calculated  load  and  nodal  currents.—  We  limit  the  dis¬ 
cussion  to  well-designed  and  constructed  batteries  with 
the  following  restrictive  conditions;  <i)  all  modules  contain 
the  same  number  of  cells,  and  (li)  the  construction  of  the 
cells  and  their  performance  are  statistically  reproducible, 
i.c..  w  =  1.  in  Eq.  [15]  and  [18],  The  statistical  variations  of 
module  parameters  is  introduced  in  two  ways.  First,  the 
porosities  of  the  matrix  in  the  cell.  and  in  the  feed 
line. are  assumed  to  vary  from  cell  to  cell  throughout 
the  assembly,  and  are  derived  from  a  normally  distributed 
random  variable,  having  the  mean  value  N,t„  and 

standard  deviation  [JV,«„(1  -  where  N,  is  an  arbitrary 
scale  factor  and  a  =  c.f  designates  the  cell  and  feed  lines, 
respectively.  Second,  the  electrode  separation  for  all  cells 
in  a  module.  is  taken  to  have  a  uniform  random  distri¬ 
bution  from  module  to  module. 

A  technologically  important  aspect  of  a  battery  scale-up 
is  its  effect  on  the  distribution  of  load  currents  from  indi¬ 
vidual  modules  As  illustrated  in  Fig.  5,  the  addition  of 
modules  reduces  the  individual  load  current  while  main¬ 
taining  a  smooth  delivery  to  the  main  line,  except  toward 
the  end  of  battery  discharge  when  a  crossover,  indicating 


time  >n  TIME  l»> 


fig  5  Calculated  load  currant  profile!  in  a  multimodule  battery  as¬ 
sembly;  N,  =  10;  8'  =  const.  Design  time,  T,  based  on  an  anticipated 
lifetime  of  the  whole  assembly.  Input  data  is  given  in  Table  I.  Configu¬ 
ration:  even  number  of  modules  is  +  .  .  .  +  on  battery  end  terminals. 


fig.  6  Load  current  profiles  in  a  multimodule  battery  assembly.  Input 
parameters  and  configuration  as  in  fig.  5  except  thot  the  variation  in 

8*  =  ±6%. 

current  sharing,  occurs.  It  is  noteworthy  that  the  load  shar¬ 
ing  does  not  interfere  with  the  power  output.  Thus,  an  in¬ 
crease  in  number  of  well-constructed  modules  is  an  ac¬ 
ceptable  procedure.  However,  if  the  process  control  is 
inadequate,  serious  problems  may  arise.  For  example,  if 
the  electrode-to-electrode  spacing,  8*.  is  allowed  to  vary 
by,  e.g.,  ±6%,  a  significant  effect  on  the  distribution  of 
module  load  current  is  observed,  especially  toward  the 
end  of  discharge.  Fig.  6.  The  current  fed  to  the  working 
network  is  not  affected  but  the  battery  lifetime  is  some¬ 
what  reduced. 

The  validity  of  the  proposed  model  is  supported  by  the 
agreement  between  the  time  behavior  of  experimental  and 
computed  nodal  currents  for  a  three-module  battery, 
shown  in  Fig.  4  and  7,  respectively.  The  small  variations  in 
the  measured  nodal  currents  at  the  beginning  of  the  dis¬ 
charge  are  attributed  to  small  variations  in  cell  construc¬ 
tion  that  are  not  accounted  for  in  the  computed  values,  i.e.. 
the  constant  parameters  in  the  model  do  not  reflect  the  re¬ 
ality  of  experimental  cells.  However,  toward  the  end  of  the 
battery  lifetime,  agreement  with  the  behavior  is  better. 
The  sharing  of  load  current  is  evident  by  crossing  of  the 
currents  from  the  various  individual  modules.  Again,  total 
currents,  both  observed  and  computed,  show  good  sta¬ 
bility. 


Fig.  7.  Calculated  load  current  variation  for  tbree-module  battery 
asembly.  H,  =  10,  8*  =  ±6%.  Input  parameters  and  configuration  at 
in  Fig.  5. 
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Fig.  8.  Time  development  of  the  distribution  of  reversed  intercell 
currents  in  on  assembly  of  modules.  The  four  vertical  bars  in  each  time 
frame  indicate  the  cells  experiencing  reversed  currents  during  the  time 
interval  between  the  specified  time  and  the  previous  time,  e  g.,  those 
bars  at  7.2  min  are  tor  the  interval  from  4.8  to  7.2  min.  The  conditions 
of  the  calculations  are  from  left  to  right:  (o)  N,  =  10,  8*  =  const.;  (b) 
N,  --  10,  8*  -  const,  with  different  seed  in  random  number  generator; 
(c)  N,  =  10,  8*  =  i  6%;  (d)  N,  =  5,  8*  =  const.  Other  parameters 
taken  from  Table  I. 


Reversed  intercell  currents. — The  distribution  of  the  in¬ 
tercell  currents  affects  the  utilization  of  reactants,  struc¬ 
tural  integrity  of  cells,  and,  as  in  the  case  of  Li/SOCl2  tech¬ 
nology,  may  have  some  impact  on  the  safety  of  operation. 
The  underutilization  of  reactants,  primarily  in  the  terminal 
cells  of  a  module,  arises  from  the  difference  in  the  cathodic 
and  anodic  currents  caused  by  the  intercell  current.  If  the 
intercell  current  exceeds  its  critical  value,  which  depends 
on  the  load  current,  electrode  current  is  reversed  over  a 
part  of  an  electrode.  If  current  reversal  occurs  at  the  nega¬ 
tive.  it  promotes  the  growth  of  Li  dendrites,  which,  in  turn, 
may  generate  hot  spots. 

Of  interest  from  both  academic  and  practical  points  of 
view,  is  the  examination  of  the  effect  of  scale-up,  i.e.,  how 
additional  modules  sharing  a  common  electrolytic  path  af¬ 
fect  the  distribution  of  intercell  currents.  In  particular, 
how  many  cells  suffer  from  underutilization  and  how  the 
degree  of  underutilization  changes  with  time  during  the 
discharge.  Calculations  for  as  many  as  five  modules  were 
carried  out.  Typical  results  are  illustrated  in  Fig.  8a  and  b 
for  one  and  three  modules,  respectively.  It  is  seen  that  the 
addition  of  modules  does  not  substantially  affect  the  dis¬ 
tribution  of  the  intercell  currents.  Just  as  with  a  single 
module,  the  number  of  cells  suffering  reversed  intercell 
current  diminishes  shortly  after  the  initiation  of  the  mod¬ 
ule  discharge  and  remains  essentially  uncharged  through¬ 
out  the  rest  of  the  battery’s  design  lifetime,  T.  Evidently, 
the  initial  decrease  in  the  number  of  cells  affected  is  due  to 
the  dendritic  growth  of  metallic  Li  at  cell  entrances  which 
reduces  their  feed  tube  resistances,  and,  in  turn,  increases 
the  magnitude  of  the  intercell  current.  An  increase  in  the 
intercell  current  has  two  effects:  it  reduces  the  number  of 
cells  affected  by  shunting  intercell  current  away  from 
more  centrally  located  cells  and  promotes  the  underutili¬ 
zation  of  active  material.  The  first  effect,  occurring  early  in 
the  discharge,  is  the  appearance  of  a  spike  in  the  intercell 
current  at  the  negative  end  of  a  module,  illustrated  in 
Fig.  9  for  a  five-module  battery.  The  second  effect  appears 
in  the  form  of  an  increased  number  of  central  cells  experi¬ 
encing  reversed  current  toward  the  end  of  the  battery  life¬ 
time.  Thus,  for  times  greater  than  T,  the  number  of  cells 
experiencing  reversed  current  increases  markedly. 

Concluding  Remarks 

Calculated  load,  nodal,  and  intercell  currents  exhibit  fea¬ 
tures  that  are  in  agreement  with  observation,  cf..  Fig.  4  and 
7.  The  scale-up  (the  addition  of  modules)  of  a  well  designed 
and  constructed  multimodule  assembly,  which  shares  a 
common  electrolytic  path,  does  not  appear  to  increase 
safety  concerns,  i.e.,  does  not  inherently  cause  an  increase 
in  the  imbalance  of  intercell  currents.  The  model,  how¬ 
ever,  implies  that  quality  control  plays  an  increasingly  im¬ 


CELL  NUMBER 

Fig.  9.  The  circulating  (dashed  line)  and  intercell  (solid  line)  currents 
in  an  assembly  of  five  modules  offer  2.4  min  of  discharge.  Input  param¬ 
eters  taken  from  Table  I  with  N,  =  10,  8*  =  const.  Battery  negative 
terminal  on  the  right.  The  current  distributions  remain  essentially  the 
same  throughout  the  lifetime,  T. 


portant  role  as  the  number  of  modules  is  increased,  as  il¬ 
lustrated  in  Fig.  5  and  6. 
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LIST  OF  SYMBOLS 
I  intercell  current,  A 

J  current,  A 

N  number  of  cells  in  a  module 
M  number  of  modules  in  a  battery 
R  resistance,  (1 

Q  charge  density,  C 

T  cell  lifetime,  s 

U  cell  voltage  at  zero  current,  V 

V  cell  voltage,  V 

w  faradaic  inefficiency  factor 

Greek  Letters 

8*  distance  between  electrodes,  cm 
t  porosity 

h  conductivity,  S  cm'2 

p,  v  running  indexes 
<t>  potential,  V 

<r  conductivity,  S  cm  2 

i  defined  in  text 

Subscripts 
a  anode 

c  cathode 

f  feed  line 

i,  m,  n  running  indexes 
1  load 

o  initial  condition 

p  cell  entrance  port 

t  fill  tube 

z  cell  internal 
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Abstract 

The  effect  of  electrode  material  on  the  elementary  processes  associated  with  the  electroreduction 
of  the  SOCl2—AlCl3  system  is  examined  by  three  techniques:  IR-  reflectance  spectroscopy,  linear 
scan  voltammetry  and  galvanostatic  pulsing.  The  results  of  spectroscopic  examination  indicate  the 
same  reaction  path,  t.e.,  independent  of  electrode  material,  while  the  shape  of  voltammograms 
clearly  show  the  effect  of  electrode  material  on  the  reaction  kinetics.  The  latter  result  is  further  sup¬ 
ported  by  galvanostatic  pulse  experiments. 

List  of  Symbols 
e  -  concentration,  mol  cm  ~3 
C  -  capacitance.  As  V~ 1 
D  -  diffusion  coefficient,  cm 2  s-1 
E  -  potential,  V 

F  -  Faraday  constant,  96487  C  mol~x 
j  -  current  density,  A  cm 
k  -  rate  constant,  defined  in  Fig.  4 
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l  -  running  index 

m  -  running  index 

n  -  running  index 

R  -  gas  constant,  J  K~l  mol-1 

t  -  time,  s 

T  -  temperature,  K 

x  -  coordinate,  cm 

rm  -  maximum  surface  concentration  ,  mol  cm  ~ 2 
r/  -  overpotential,  V 
0  -  surface  coverage 
A  -  parameter,  defmed  in  3.2.1 
£  -  parameter,  defmed  in  3.2.1 

1.0  Introduction 

A  technologically  important  Li  /SOCl2  electrochemical  power  source,  exhibiting  a  high  theoreti¬ 
cal  energy  density,  was  discovered  in  the  late  60’s  and  reduced  to  practice,  for  low  discharge  rates, 
in  the  70’s.  A  decade  later,  a  new  requirement  was  imposed,  that  of  maximizing  its  power  density. 
To  accomplish  this,  two  design  approaches  were  suggeste±  the  construction  of  a  module  containing 
in-series  connected  thin  cells,  as  one  choice,  and  the  employment  of  a  flowing  electrolyte,  as  the 
other.  Seeking  an  improvement  in  performance  in  each  of  the  proposed  designs,  modifications  of 
both  the  electrode  structure  and  composition  were  undertaken,  unfortunately,  with  mixed  results. 
Some  of  the  difficulties  were  resolved  through  cell  modeling.  The  conclusions  reached  by  Tsaur  and 
Pollard  [1],  Smith  ct  al  [2]  and  Nowak  ct  al  [3]  showed  that,  in  general,  good  agreement  exists 
between  the  theory  and  practice  and  that  the  important  factor  in  determining  the  cell  lifetime  is  the 
form  of  the  local  current  density /overpotential  relation  and  the  ensuing  changes  associated  with  the 
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reaction  path.  Examination  of  this  system  by  cyclic  voltammetry  indicated  a  complex  reaction  path 
suggesting  that  more  than  one  species  participates  in  the  charge  transfer  process,  via  an  adsorption 
step  [4,5],  Consequendy,  information  on  the  form  and  content  of  the  polarization  equation  and  the 
structure  and  properties  of  the  electrolyte  and  the  electrode/electrolyte  interphase,  are  of  immediate 
interest 

In  this  communication,  we  examine  the  effect  of  electrode  material  on  the  form  of  the 
j  =  j  (rj)  relationship.  We  limit  the  discussion  to  events  occurring  at  Au  ,C —glassy  and,  to  a 
lesser  degree  St  electrode  surfaces;  the  smooth  Pt  electrode  is  used  as  a  standard  for  comparison. 
Emphasis  is  on  the  qualitative  aspects  of  the  charge  transfer  process.  Subject  to  geometrical  con¬ 
straints,  the  events  occurring  on  smooth  surfaces  describe  the  behavior  of  the  porous  structure  found 
in  practical  batteries  [6]. 

ZO  Experimental 

Experimental  details  were  presented  elsewhere  [7,8].  Here,  for  convenience,  we  provide  a  brief 
summary  only. 

2.1  Materials  / procedures. 

An  analytical  grade  of  thionyl  chloride  was  distilled  and  the  middle  fraction  was  collected  and 
stored  under  argon.  C.  P.  grade  aluminium  chloride  and  lithium  chloride  were  used  as  received.  All 
solutions  were  prepared  in  a  glove  bag  in  an  inert  atmosphere  of  Ar  by  dissolving  known  amounts 
of  AlzCl6  and  LiCl  in  SOClz. 

2.2  Electrode  preparation. 

Before  each  experiment,  the  Pt,  C  — glassy  and  Au  working  electrodes  were  polished  with  an 
AUOz  aqueous  slurry  on  a  polishing  cloth.  After  rinsing  with  water  the  electrodes  were  sonicated 
lor  5  minutes  to  remove  residual  alumina  particles.  After  a  second  aqueous  rinse,  Au  and  Pt  elec- 
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trodes  were  rinsed  with  methanol  and  allowed  to  air  dry.  After  sonication,  the  C— glassy  elec¬ 
trode  was  rinsed  with  0.05  M  H2SOA  followed  by  an  aqueous  rinse  and  a  methanol  rinse.  In  the 
voltammetry  and  galvanostatic  pulsing  experiments  the  areas  of  the  electrodes  are  0.181  cm'  !  for  Pt 
and  Au  and  0.071  cm 2  for  C— glassy  .  The  electrodes  were  of  the  same  degree  of  roughness. 

2.3  Instrumentation. 

The  IR  —  spectra  were  obtained  on  a  Nicolet  5  DXB  FT-IR  spectrometer  (with  the  resolution  of 
2  cm"1).  The  external  reflectance  spectro-electrochemical  cell,  patterned  after  that  of  Foley  and 
Pons  [9],  was  constructed  from  a  machineable  ceramic  material  and  provided  with  a  variable  dis¬ 
tance  between  the  AgCl  window  and  the  working  electrode  surface.  The  potential/time  sweep  rate 
and  the  electrode  galvanostatic  pulsing  were  controlled  by  the  computer  driven  potentiostat,  PAR 
model  173,  with  a  276  IEEE  computer  interface. 

3.0  Results  and  discussion 

3.1  Methodology 

The  electroreduction  of  SOCl2  in  practical  batteries,  as  well  as  on  smooth  electrode  surfaces, 
comprises  a  set,  (perhaps  more  than  one  set),  of  consecutive  processes  occurring  within  the  inter¬ 
phase  region.  The  analysis  of  these  processes,  given  in  [5],  is  based  on  the  van  Rysselberghe  concept 
of  the  interphase  region  [10],  which  is  based  on  an  open  system  whose  structure  is  generated  by,  and 
responds  to,  the  demands  imposed  by  the  dominating  process(es).  This  concept  is  retained  and,  when 
coupled  with  three  experimental  techniques,  viz.  IR  -  spectroscopy,  cyclic  voltammetry  and  gal¬ 
vanostatic  pulsing,  is  used  to  illustrate  the  effect  of  the  electrode  material  on  the  charge  transfer  pro¬ 
cess,  its  mechanism  and  kinetics. 

3.1.1  IR  —  spectroscopy  .  In-  situ  reflectance  infrared  spectroscopy  is  a  powerful  tool  in  probing 
the  electrode/electrolyte  interphase  [11].  By  varying  the  electrode  potential,  it  is  possible  to  deter¬ 
mine,  from  changes  in  the  spectra,  the  species  undergoing  electroreduction  as  well  as  their 
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orientation  on  the  electrode  surface.  However,  before  such  experiments  can  be  correctly  interpreted, 
a  thorough  understanding  is  necessary  regarding  the  species  present  in  the  bulk  solution  and  the 
equilibria  between  them.  The  examination  of  the  Lid  —Ald3—SOd2  ternary  system  [7,8] 
revealed  that  (i)  SOd2  is  a  weakly  associated  liquic  (iil  Al2d6  dissolves  dissociatively  with  the 
formation  of  a  1  :  1  adduct,  d3Al*—OSd2t  (iii)  tf  sc  adducts  undergo  an  internal  exchange  reac¬ 
tion  to  form  AICIa~  and  onium  ion,  [d 2 Al (*—05073)2] +;  and  (iv)  the  addition  of  Lid  breaks  up 
the  adduct  and  onium  ion  to  form  Aldt~  and  solvated  Li+  ion,  Li  ( —  OSd  2)2+. 

Of  interest  in  the  analysis  of  the  electrode/electrolyte  interphase  is  the  spectral  region  925  -  1400 
cm-1  where  the  5  —  0  stretching  vibrations  of  neat  SOd2  ,  solvated  Li+  ion,  adduct  and  onium 
ion  occur  at  1231,  1202,  1117  and  1065  em~\  respectively.  Within  this  region,  the  S—O  vibra¬ 
tions,  which  are  very  sensitive  to  any  changes  in  the  molecular  structure,  are  not  obstructed  by  other 
absorptions  [7],  A  typical  spectrum  of  the  Au/SOd2—Ald3  interphase  is  shown  in  Fig.  1.  It 
reveals  the  preferrential  adsorption  on  the  electrode  surface  and  enrichment  within  the  interphase  of 
both  onium  ions  and  1  :  1  adducts.  This  enrichment  can  be  demonstrated  in  two  ways:  by  using  a 
polarized  beam  or  by  varying  the  spacing  between  the  electrode  and  window  [5].  For  practical  rea¬ 
sons,  the  latter  has  been  employed.  The  de-convolution  of  the  bands  into  Voigt  profiles,  shown  in 
Fig.  1,  provides  additional  information  on  the  composition  of  the  interphase.  Besides  the  two  bands 
due  to  adduct  and  onium  ion,  two  additional  bands  appear  at  1132  and  1102  cm-1.  These  two 
bands,  which  disappear  upon  cathodic  polarization,  were  tentatively  assigned  earlier  as  either  (i)  the 
symmetric  and  asymmetric  vibrations  of  the  adsorbed  onium  ion  or  (ii)  the  S  —  O  stretching  vibra¬ 
tions  of  onium  ion  and  adduct,  respectively  [5].  The  most  probable  assignment  is  to  the  adsorbed 
onium  ion.  Reduction  of  the  onium  ion  occurs  as  the  initial  step  in  the  overall  reduction  process  and 
may  well  be  the  only  species  directly  reduced  (  vide  infra  ).  The  disappearence  of  the  1132  and 
1 102  cm"1  peaks  upon  polarization  appear  to  be  coupled  suggesting  that  they  are  derived  from  the 
same  species.  The  shift  to  higher  frequency  indicates  that  adsorption  is  through  the  5  —  atom  [5], 
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3.1.2  Cyclic  voltammetry  .  Mosier-Boss  et  al  [5]  postulated  a  set  of  events  comprising  the 
charge  transfer  process  which  is  represented  by  the  scheme,  Eq.  (I) 

.  .  .  R{d)  -+  R(r)  —  £(<*)  +  e~ -*  P^a)  +  e“  ->  Pt(a)  ->  .  .  .  (I) 

Reacting  molecules,  R  (d)  ,  are  brought  to  the  electrode  surface  through  the  reaction  zone,  (r), 
by  diffusion.  The  adsorbed  molecules,  R  (a)  ,  undergo  the  charge  transfer,  accepting  one  or  more 
electrons,  yielding  products  P1(a),  P2(a),  •  •  •  .  The  reaction  layer  is  formed  when  the  product 
species  interact  with  the  oncoming  R  molecules.  This  layer  is  sandwiched  between  the  diffusion 
and  adsorption  layers  thus  constructing  an  interphase  region  consisting  of  a  number  of  layers  popu¬ 
lated  by  the  interacting  species.  This  type  of  system  has  been  examined  by,  among  others,  Saveant 
and  Vianello  [13].  In  such  systems,  the  current/time  dependence,  j  (0,f ) ,  for  a  charge  transfer  pro¬ 
cess  involving  N  eiectroactive  species  and  M  adsorption  processes,  is  given  by  Eq.  (1). 


j(0,i)  =  F 


N 

Et2’ 

n=l 


D^- 
‘  "  dx 
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d8m 

dt 
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The  right  hand  side  of  Eq.  (1)  accounts  for  contributions  due  to  diffusional  flux  via  the  sum  of  con¬ 
centration  gradients  and  the  kinetics  of  adsorption,  expressed  in  terms  of  the  change  in  the  surface 
concentration  summed  over  the  number  of  adsorption  processes.  The  concentration  gradient(s)  of 
the  eiectroactive  species  is  obtained  from  the  mass  balance  equation,  Eq.  (2) 


dcn 

dt 


(2) 


which  is  solved  subject  to  boundary  conditions  reflecting  the  experimental  constraints.  The  function, 
/ „(£,A)  ,  is  formulated  for  a  specific  jet  of  events  occurring  within  the  interphase  in  the  course  of 
charge  transfer.  In  particular,  £  refers  to  thermodynamic  aspects,  e.g.,  equilibria  between  species 
populating  the  interphase,  while  A  contains  information  on  the  rate  of  relevant  processes,  including 
the  forcing  perturbation,  e.g.,  potential  scan  rate.  An  example  of  the  effect  of  kinetic  factors  on  the 
voltammogram  is  illustrated  in  Fig.  2.  In  particular,  a  change  in  the  forcing  function,  through  the  A— 
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parameter,  affects  the  reducing  current  of  the  voltammogram  more  than  its  oxidizing  current.  Mass 
transport  controlled  features  of  the  interphase  response  to  potential  perturbation,  e.g.,  autocatalysis, 
adsorption  and  desorption,  are  more  sharply  defined  at  lower  scan  rates. 


3.1.3  Galvanostatic  pulsing.  Additional  information  can  be  extracted  by  changing  the  nature  of 
the  forcing  function,  /„(£, A)  .  For  a  class  of  electrode  processes  where  adsorbed  species  dominate, 
the  electrode  potential  can  be  written  in  a  general  form,  Eq.  (3) 


E  =  E{0U  02>  . . ;  j) 


(3) 


and  its  time  dependence  can  be  obtained  by  formal  differentiation  which,  for  a  galvanostatic  pulse, 
yields  Eq.  (4) 


dE_ 

dt 


ydE_, 

»de,  '’•***  dt 


(4) 


Equation  (4)  indicates  that,  for  n  >  1  ,  only  rarely  should  a  constant  potential  be  observed  dur¬ 
ing  charge  transfer  because  of  the  accumulation  of  adsorbed  species.  It  is  of  interest  to  note,  how¬ 
ever,  that  Eq.  (4)  applies  also  on  interruption  of  current;  it  follows,  therefore,  that  qualitative  infor¬ 
mation  concerning  the  number  of  adsorbed  species  and  the  relative  magnitude  of  the  respective  rate 
constants  may  be  inferred  from  the  examination  of  E{t )  measured  across  the  relaxing  interphase. 
4  n  example  of  the  electrode  potential  response  to  a  0.0011  A  cm  ~2  galvanostatic  pulse  and  the 
return  to  rest  potential  is  shown  in  Fig.  3.  The  changing  conditions  on  the  electrode  surface  are 
clearly  displayed. 


3.2  Reaction  path. 

Most  recently.  Mosier-Boss  et  al  [12]  examined  the  IR  -  spectra  and  linear  scan  voltammetry  in 
greater  detail.  The  rather  crude  formulation  of  the  reaction  scheme,  Eq.  (I),  was  refined  to  include 
additional  activities,  viz.  desorption  processes  and  catalytic  events,  illustrated  in  Fig.  4.  In  Fig.  4, 
Aq,  and  A*  refer  to  neat  SOCU,  1:1  adduct  and  onium  ion,  respectively.  The  reformulated 
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reaction  scheme  shows  clearly  the  interplay  between  the  thermodynamic  and  kinetic  aspects  of  the 
SOCl2  reduction  on  the  electrode  surface.  This  representation  also  aids  in  the  interpretation  of 
experimental  data,  especially  when  such  data  are  obtained  under  transient  conditions.  The  effect  of 
the  electrode  material  will  enter  through  the  kinetically  controlled  part  of  the  overall  process, 
denoted  as  the  A—  region  and,  only  peripherally  involving  thermodynamic  considerations  contained 
within  the  £—  region.  Thus,  the  effect  of  electrode  material  will  appear  as  a  change  in  the  rate  con¬ 
stant  of  the  processes  in  the  adsorbed  state. 

3.2.1  IR  —spectra  :  species  present.  Determination  of  the  effect  of  electrode  materials  on  the 
reduction  of  SOCl2  —  bearing  species  by  the  potential  perturbation  technique  requires  that  the  reac¬ 
tion  path  remains  unchanged.  The  constancy  of  the  reaction  path  is  manifested  by  identical  species 
populating  the  electrode/electrolyte  interphase,  i.e.,  irrespective  of  the  electrode  material.  To  ascer¬ 
tain  this,  the  spectral  region  925  -  1400  cm~l  was  examined  by  in-situ  IR-  spectroscopy  for  each 
elecrode  material. 

Figures  5a  to  5d  show  this  region  reflected  from  the  Au— ,  Pt—,  n—Si  —  and  C—  glassy  sur¬ 
faces  at  rest  potential  (dashed  lines)  and  while  cathodically  polarized  (solid  lines).  The  general  simi¬ 
larity  of  the  spectra  show  that  the  species  prestat  at  and  near  the  surface  are  the  same  for  each  of 
the  electrode  materials  which,  in  turn,  indicates  that  the  reduction  path  is  the  same  for  each  surface. 
The  concentration  of  reactant(s)  and  product(s)  within  the  interphase,  however,  depends  on  the  elec¬ 
trode  material  because  adsorption  phenomena  are  highly  specific.  We  have  previously  shown  that  at 
low  overpotentials  the  primary  effect  is  a  potential  dependent  shift  in  the  equilibria  between  the 
SOCl2~  bearing  species  (  e.g.,  onium  ion  and  adduct  )  occurring  within  the  confines  of  the  inter¬ 
phase  region.  A  further  increase  in  overpotential  commences  the  reduction  and  produces  new  peaks 
in  the  infrared  spectrum  at  1331,  and  ca  1 150  cm~l  due  to  the  formation  of  S02,  and  at  1 190  and 
1170  cm"1,  assigned  to  an  as  yet,  unidentified,  intermediate  species  containing  S  —  O  bond(s). 
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Concurrently,  there  is  a  decrease  in  the  concentration  of  the  1  :  1  adduct,  as  well  as  the  onium  ion.  It 
cannot  be  determined  from  the  IR  spectroscopy  whether  both  the  onium  ion  and  1  :  1  adduct  are 
reduced  simultaneously  or  whether  only  onium  ion  participates  in  the  charge  transfer  process.  The 
chemical  equilibrium  between  onium  ion  and  the  1  :  1  adduct  always  causes  their  concentrations  to 
vary  proportionally.  Additional  experiments  are  underway  to  resolve  this  ambiguity. 

3.2.2  Linear  scan  voltammetry  :  rate  constants.  Equations  (1)  and  (2)  indicate  that  certain 
conditions  must  be  met  to  show  the  effect  of  electrode  material:  one  is  the  specified  scan  rate,  as 
illustrated  in  Fig.  2,  the  other  is  the  composition  of  the  bulk  phase.  Figs.  6a  and  6b.  It  is  seen  that  the 
change  in  the  composition  e.g. ,  by  addition  of  iron  phthalocyanine  or  an  increase  in  AlCl2  concen¬ 
tration  substantially  changes  the  shape  of  the  voltammograms. 

Earlier  [5],  we  concluded  that  the  electroreduction  of  SOCl2  is  a  two-electron  transfer  in  which 
the  first  one,  Eq.  (II),  is  irreversible  and  the  second,  Eq.  (Ill),  is  quasi-revcrsible 

A+2  +  e~  —  Px  (II) 

Px  4-  e~  -+  P2  (III) 

Px  and  P2  are  intermediate  species  which  desorb  from  the  electrode  surface  into  the  reaction  layer 
where  they  react  with  other  species  to  form  the  products  of  electroreduction  Cl~  ,  S  ,  S02.  The 
charge  transfer  reactions,  Eqs.  (II)  and  (III),  can  be  cast  into  corresponding  rate  equations.  To  illus¬ 
trate,  the  rate  of  the  charge  transfer  involving  the  first  electron,  Eq.  (II),  neglecting  diffusion,  is 

=  ktcA+j(  1  -  Z9X)F  -  kd0x  -  k^Oxexp(aF  rjx/RT)  -  k^6x6 ,  (5) 

where 


V  =  E  -  E, 


similar  statements  for  the  time  change  in  other  adsorbed  species  can  be  likewise  written.  The  rate 
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constants  and  6' s  are  defined  in  Fig.  4.  The  right  hand  side  contains  the  rate  constants 
ka  ,  k^  ,  and  kd  for  the  adsorption  electron  transfer,  autocatalysis  and  desorption  processes. 

Equation  (5)  then  accounts  for  the  various  processes  experienced  by  the  reacting  molecules  as  they 
traverse  the  interphase,  cf.  Fig.  4  for  notation.  Depending  on  conditions  of  concentration,  applied 
potential  and  surface  coverage,  the  relative  importance  of  the  terms  in  Eq.  (5)  will  change. 

It  is  known  [13]  that,  for  a  given  set  of  experimental  constraints,  the  linear  scan  voltammetry  del¬ 
ineates  regimes  of  the  dominance  of  specific  processes.  In  the  present  case,  constraints  applied  in 
Fig.  2  produced  a  balanced  set,  t.e.,  where  no  single  process  dominates  the  voltammogram.  The  first 
electron  appears  in  the  lsv  as  a  current  plateau,  suggesting  the  presence  of  a  coupled  chemical  reac¬ 
tion  either  preceeding  or  paralleling  the  charge  transfer  process.  This  is,  of  course,  consistent  with 
our  observation  of  the  equilibrium  between  onium  ion  and  1  :  1  adduct  [7],  Thus  the  first  electron 
transfer  appears  to  involve  the  reduction  of  the  onium  ion  with  a  corresponding  reformation  from 
the  1  ;  1  adduct  (  as  depicted  in  the  left  hand  portion  of  Fig.  4  ).  Changing  the  composition  of  the 
electrolyte  phase  by  either  the  addition  of  a  small  amount  of  Ft  —Pc,  (  c.g.,  2  mg  em~3  ),  Fig. 
6a,  or  by  increasing  the  AlCl3  concentration.  Fig.  6b,  substantially  alters  the  shape  of  the  voltammo¬ 
gram,  vtde  supra  ,  Fig.  2.  In  the  first  case,  as  we  increase  the  concentration  of  AlClz,  and  thus, 
the  concentration  of  onium  ions,  an  autocatalytic  effect,  manifested  by  a  cross-over  behavior,  is 
observed.  Moreover,  since  the  cross-over  point  occurs  at  the  juncture  between  the  plateau  and  the 
cathodic  peak  at  all  scan  rates,  the  species  being  regenerated  on  the  electrode  surface,  w’a  Eq.  (IV), 
is  Pv 

P2  +  A+j  -v  2  Pl  (IV) 

Addition  of  Ft  —Pc,  to  the  electrolyte  solution  produces  a  voltammogram  indicative  of  a  catalytic 
effect  [14,15],  The  catalysis  masks  contributions  due  to  strongly  adsorbed  species,  the  coupied  chem¬ 
ical  equilibrium  and  the  charge  transfer.  In  terms  of  the  reaction  patn  illustrated  in  Fig.  4,  the  addi- 
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tion  of  AlClz  has  no  effect  on  any  rate  constant  —  the  autocatalytic  effect  enters  through  an 
increase  in  the  concentration  of  A+j(a )  while  in  the  second  case  (  Ft— Pc  addition  ),  the  k ^  is 
faster  for  the  Pt/SOCl2-(Fc  -Pc)  than  for  PtfSOCl2.  This  is  not  the  only  effect,  however,  the 
less  prominent  anodic  peak  due  to  the  re-oxidation  of  P2  —*  Pi »  means  that  the  rate  constant, 
k^c\e_Pc,  is  increased  in  the  presence  of  dissolved  Ft  —Pc. 

The  effect  of  the  electrode  material  on  the  rate  constants  is  illustrated  in  Figs.  7a  to  7c.  In  particu¬ 
lar,  Fig.  7a  shows  the  effect  of  surface  modification  of  the  Pt—  electrode  by  a  chemisorbed 
Ft  —Pc.  Comparison  of  voltammograms  in  Figs.  2  and  7a  shows  a  significant  increase  in  the  rate  of 
the  charge  transfer  associated  with  the  first  electron,  t'.e.,  k^pt(Fc-  Pc)  >  kWpt  and  a  similarly 
notable  reduction  in  the  second  peak  can  be  interpreted  as  an  increase  in  the  k value.  It  is 
unlikely  that  any  of  the  features  of  the  cyclic  voltammograms  is  due  to  the  reduction  of  the  central 
metal  ion  of  Ft —Pc.  No  such  waves  were  observed  in  Fig.  6a  nor  has  any  such  process  been 
observed  by  Melendres  [18,19],  The  voltammogram  on  An—  surface.  Fig.  7b,  shows  a  substantial 
increase  in  the  k  rate  constant  compared  to  Pt,  Fig.  2,  thus  obscurring  the  contributions  due  to 
adsorption.  On  a  glassy  C  surface,  Fig.  7c,  we  note  a  substantial  auto-catalytic  effect  only.  The 
auto-catalytic  effects  are  associated  with  the  process  described  by  Eq.  (IV)  coupled  with  relevant 
equilibria. 


3.2.3  Relaxation  of  interphast  :  accumulation  of  adsorbed  species .  An  interpretation  of 
the  potential  decay  curves  in  terms  of  Eq.  (4)  involves  the  evaluation  of  both  dE /dd  and  d9/dt . 
Invoking  Faraday  law  only,  i.e.,  neglecting  the  mass  transport  term  in  Eq.  (1),  we  have 
ddjdt  =  jf  j/F Tmj  which,  upon  substitution  into  Eq.  (4),  yields  Eq.  (6) 


dE  _  j,  dE  |  J/,i 
dt  n  do,  FTmJ 


(6) 


On  the  other  hand  [18],  a  general  expression  for  the  electrode  response  to,  e.g .,  pulse  current,  ja  ,  is 
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(7) 


By  comparing  Eqs.  (6)  and  (7),  we  have 


dE 

dO 


■.  Thus,  as  a  first  approximation  we  take 


dE  j dO  —  const  and  examine  changes  in  the  E{t)—  curves  in  terms  of  partial  faradaic  currents, 
t.  e.,  we  attempt  to  assign  the  observed  change  in  the  mode  of  interphase  relaxation  to  a  particular 
process. 


The  potential/time  behavior  of  the  electrode  response  to  galvanostatic  pulse  and  during  its  return 
to  the  rest  potential,  shown  in  Fig.  3,  is  in  general  agreement  with  the  reaction  path  in  Fig.  4, 
vide  infra.  (The  low  concentration  of  LiCl  present  in  the  electrolyte  did  not  significantly  alter  the 
shape  of  the  curves.)  In  what  follows,  results  of  two  sets  of  experiments  are  presented,  viz. ,  the 
effect  of  pulse  current  density  and  the  effect  of  pulse  length  on  the  shape  of  the  E(t)  curves  are 
examined.  As  an  example,  we  have  selected  the  Pt/.  .  .  system  to  illustrate  the  effect  of  pulse 
strength.  Fig.  8,  and  the  C— glassy  /.  .  .to  display  the  change  in  electrode  potential  upon  a  return 
to  the  initial  state,  following  varying  pulse  length.  Fig.  9. 

The  development  of  characteristic  features  of  the  E[t)  decay  curves  with  either  pulse  strength  or 
its  duration,  indicates  the  accumulation  of  reaction  products  within  the  interphase.  This  accumula¬ 
tion  becomes  clearly  evident  as  more  charge  is  forced  across  the  interphase.  Qualitatively,  the  more 
charge  that  crosses  the  interphase,  the  more  pronounced  the  complexity  of  the  potential  decay  curve. 
For  a  small  amount  of  charge  transferred  (  t.e.,  short  pulsing  time  or  low  pulse  current  ),  the  E(t ) 
curve  is  almost  exponential,  as  could  be  expected  from  integration  of  Eq.  (4)  for  one  process  deter¬ 
mining  the  electrode  potential  which  would  yield  Eq.  (8) 

(go  -  S) 

‘  *  =  1  +  ^  i  ‘  =  (8) 

At  a  somewhat  longer  current  pulse,  the  potential  decay  curve  develops  an  inflection  and  can  be 
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approximated  by  two  exponentiai  decays.  With  further  increase  in  the  pulse  duration,  the  inflection 
point  becomes  a  straight  line  with  its  slope  and  length  proportional  to  the  pulse  duration.  In  general, 
the  number  of  exponential  decays  observed  in  the  potential  relaxation  curve  reflects  the  number  of 
adsorbed  species  [19].  The  shape  of  these  decay  curves  is  determined  by  the  potential  determining 
processes  while  the  rate  of  the  accumulation  of  reaction  products  is  the  result  of  the  magnitude  of 
rate  constants  of  the  partial  processes  illustrated  in  Fig.  4.  Thus,  it  is  expected  that,  for  the  same 
pulse  duration,  the  degree  of  accumulation  will  depend  on  the  electrode  material.  For  example,  with 
the  passage  of  time  at  both  Pt  and  C— glassy  ,  a  composition  of  the  interphase  is  reached  such  that 
three  exponentially  decaying  segments  can  be  seem  This  is  indicative  of  three  adsorbed  species 
being  present,  viz.  ,  A'r2  ,  Pi  and  P2.  On  the  other  hand,  for  the  relaxing  Au / SOCl 2— AlCl 3  or 
the  Pt ! SOCl 3  —  AlCl 3(F e  —Pc)  interphases  only  one  exponential  decay,  characteristic  of  a  strong 
catalytic  effect,  is  observed. 

5.0  Closing  Remarks 

The  complexity  of  the  reaction  path,  Eq.  (I)  or  Fig.  4,  indicates  that  the  material  employed  in  the 
construction  of  the  positive  electrode  might  affect  the  performance  of  a  discharging  Li  /  SOCl  2  cell. 
The  primary  reason  for  such  a  conclusion  is  the  presence  of  adsorbed  species  whose  adsorption  - 
desorption  rates,  as  well  as  catalytic  activities,  depend  on  the  electrode  material.  The  experimental 
approach  involved  the  identification  of  adsorbed  species  by  IR-  reflectance  spectroscopy  of  an 
electrode-electrolyte  interphase  at  rest  and  when  cathodically  polarized.  Examination  of  the  925  - 
1 400  cm  1  spectral  region  revealed  that  the  surface  concentrations  of  adsorbent  molecules,  but  not 
their  chemical  nature,  were  affected  by  the  electrode  material.  This  is,  of  course,  an  expected  result 
because  cf  the  specificity  of  adsorption. 

The  shape  of  linear  scan  voltammetry  is  determined  solely  by  the  mass  balance  equation,  Eq.  (2), 
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through  the  forcing  function  /*(£, A)  with  £  reflecting  the  thermodynamics  and  A  the  kinetics  of 
the  system.  The  examination  of  the  voltammogram  shape  as  a  function  of  electrode  material,  for  an 
a  priori  selected  set  of  experimental  conditions,  led  to  the  following  relations,  Eqs.  (9)  and  (10) 

c  »> 

k<‘\„  >  k!‘'c  >  00) 

This  series  in  rate  constants  is  further  supported  by  the  potential  decay  across  the  relaxing 

electrode/electrolyte  interphases. 

Acknowledgement 

This  work  was,  in  part,  supported  by  the  Office  of  Naval  Research,  Arlington,  VA. 

References 

1.  K.  C.  Tsaur  and  R.  Pollard,  J.  Electrochem.  Soc.,  133,  2296  (1986) 

2.  J.  J.  Smith,  S.  Szpak  and  W.  A.  West,  in  Power  Sources  11,  L.  J.  Pearce,  ed..  International  Power 
Sources  Symposium,  Brighton  UK,  1987 

3.  R.  J.  Nowak,  D.  R.  Rolison,  J.  J.  Smith  and  S.  Szpak,  Electrochim.  Acta,  33,  1313  (1988) 

4.  M.  J.  Madou,  J.  J.  Smith  and  S.  Szpak,  J.  Electrochem.  Soc.,  134,  2794  (1987) 

5.  P.  A.  Mosier-Boss,  S.  Szpak,  J.  J.  Smith  and  R.  J.  Nowak,  ibid.,  134,  2455  (1989) 

6.  S.  Szpak,  Experimental  Simulation  of  Porous  Electrodes,  in  Techniques  for  Characterization  of 
Electrodes  and  Electrochemical  Processes,  R.  Varma  and  J.  R.  Selman,  eds.,  John  Wiley  and  Sons, 

(  to  be  published  in  Fall  1989  ) 

7.  P.  A.  Mosier-Boss.  R.  D.  Boss,  C.  J.  Gabriel,  S.  Szpak,  J.  J.  Smith  and  R..  J.  Nowak,  J.  Chem.  Soc. 
Faraday  Trans.  1,85,  1 1  (1989) 

8.  P.  A.  Mosier-Boss,  S.  Szpak,  J.  J.  Smith  and  R.  J.  Nowak,  J.  Electrochem.  Soc.,136,  1282  (1989) ; 

9.  J.  K..  Foley  and  S.  Pons,  Anal.  Chem.,  57.,  945A  (1985) 

10.  P.  van  Rysselberghe,  Thermodynamics  of  Irreversible  Processes,  Hermann,  Paris  1963 


1 1.  K.  Ashley  and  S.  Pons,  Chem.  Rev.,  88,  673  (1988) 

12.  P.  A.  Mosier-Boss,  S.  Szpak,  J.  J.  Smith  and  R.J.  Nowak,  Exteded  Abstract  Nr  345,  Electrochemi¬ 
cal  Society  Spring  Meeting,  Los  Angeles,  CA,  1989 

13.  J.  M.  Saveant  and  E.  Vianello,  Electrochim.  Acta,  12,  629  (1967) 

14.  R.  S.  Nicholson  and  I.  Shain,  AnaL  Chem.,  36,  706  (1964) 

15.  R.  H.  Wopschall  and  I.  Shain,  ibid.,  39,  1514  (1967) 

16.  C.  A.  Melendres  and  F.  A.  Cafasso,  J.  Electrochem.  Soc.,  128,  755  (1981) 

17.  C.  A.  Melendres,  C.  B.  Rios.  X.  Feng  and  R.  McMasters,  J.  Phys.  Chem.,  87,  3526  (1983) 

18.  P.  C.  Milner,  J.  Electrochem.  Soc.,  107  343  (1960) 

19.  B.  E.  Conway  and  M.  Dzieciuch,  Can.  J.  Chem.,41,  21,  38,  55  (1963) 


2-91 


Figure  Captions 


Fig.  1.  The  940  to  1350  cm-1  IR-  spectral  region  ( system;  Au/SOCl2—AlCl3  ) 
la.  -  Effect  of  cell  path  length  :  upper  -Sum,  lower  -  10  fim 

S  —  O  stretching  vibrations:  A  -  in  onium  ion  at  1065  cm  -1 ;  B  -  in  1  :  1  complex  at  1117  cm  _1;  C  - 
in  neat  SOCl2  at  1228  cm~1 

lb  -  decomposition  of  A  and  B  bands  into  Voigt  profiles:  A’  and  B’  for  species  in  bulk  solution;  A” 
and  B”  for  adsorbed  species  at  1065,  1  117,  1  133  and  1 102,  respectively. 

Fig.  2.  Effect  of  scan  rate  on  voltammogram  shape 

System:  Pt /SOCl2—3.0M  AlCl3,  solid  line  -  v  =  10  mV  s_L,  dashed  -  5  mV  s~1 

Fig.  3.  Potential/time  behavior  across  charging  and  relaxing  interphase 
System:  Pt /SOCl 2— 3.0A/  A1C13—0.1M  L i Cl  ■,  puise  current  0.001 1  A  cm~ 2 

Fig.  4.  Summary  of  SOCl2  reduction  path 

System  AlCl3—SOCl2,  processes  affecting  the  £  and  A  components  of  the  forcing  function  f  n(£, A) 
indicated.  Rate  constants  identified. 

Fig.  5.  Effect  of  applied  potential  and  electrode  material  on  IR-  reflectance  spectrum. 

Spectral  region  :  925  -  1400  cm-1;  system  -  Me  /3.0M  AlCl3—SOCl2,  a  -,  b  c  and  d  - 
reflected  from  Au  ,  Pt,  St ,  C -glassy  electrode  surface,  respectively.  Dashed  line  -  elecrtode 
at  rest  potential;  solid  line  -  polarized  to  -2.5  V  (  Au),  -3.5  V  (  Pt), -3.0  V  (  Si)  and  -2.0  V  ( 
C -glassy  ).  Bands  A,  B  and  C  refer  to  onium  ion,  1:1  complex  and  neat  SOCl2  in  the  bulk  solu¬ 
tion,  respectively. 

Fig.  6.  Effect  of  solution  composition  on  linear  scan  voltammogram 
System  :  PtjSOCl2-AlCl3,  scan  rate  -  10  mVs'1 


a  -  3.  0  M  AlClz  in  SOCl2  with  added  2.0  mg  em~z  Ft  —Pc,  b  -  4.0  M  AlCl3  in  SOCl2 

Fig.  7.  Effect  of  electrode  material  on  linear  scan  voitammogram; 

System  :  Me  /3.0 MAICI 3  in  SOCl2 ;  scan  rate  -  10  mVs~l 
a  -  Pt  electrode  with  chemisorbed  Fe-Pc;  b  -  Au  electrode;  c  -  glassy  C  electrode 

Fig.  8.  Potential/time  behavior  as  a  function  of  pulse  strength. 

System;  glassyC  /2.0 MAICI  3 

Fig.  9.  Potential/time  behavior  as  a  function  of  pulse  duration. 

System;  Pt /3.0MAICI  3 
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INTERCELL  CURRENTS  IN  ASSEMBLY  OF  MODULES: 


QUALITY  CONTROL  CONSIDERATIONS 


C.  J.  Gabriel,  P.  A.  Mosier-Boss,  S.  Szpak 
Naval  Ocean  Systems  Center,  San  Diego  CA  92152-5000 

and 

J.  J.  Smith 

Department  of  Energy,  Washington  DC  20545 


Quality  control  considerations  in  battery  fabrication  with  regard  to  intercell  currents  in  an  assem¬ 
bly  of  modules  is  examined.  The  effects  on  battery  performance  of  a  statistical  distribution  in  the 
parameters  of  the  porous  cathode  structure  as  well  as  unequal  compression/expansion  of  the 
module  and  unequal  number  of  cells  in  modules  are  investigated.  The  discharge  performance  of 
modules  with  defective  cells  is  also  considered.  Modeling  methods  are  general,  however,  the  exam¬ 
ples  used  to  illustrate  pertain  to  the  Li  /SOCl2  system. 


1.0  Introduction 

The  efficient  operation  of  equipment  designed  for  electrochemical  processing,  including  energy 
conversion  devices,  often  requires  the  installation  of  a  common  electrolytic  path.  There  are 
numerous  advantages  associated  with  this  approach,  viz. ,  bipolar  cell  construction,  controlled  sup¬ 
ply  of  reactants  and  removal  of  products  as  well  as  a  reliable  means  of  thermal  management.  These 
advantages,  however,  are  partially  off-set  by  the  parasitic  shunting  action  of  the  intercell  currents.  In 
practice,  these  currents  not  only  reduce  the  power  output  but  often  affect  the  structural  integrity  of 
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battery  functional  elements!  1). 


In  a  previous  communication  (2),  we  concluded  that  in  well  designed  modules,  connected  electri¬ 
cally  in  parallel  and  hydraulically  in  series,  an  increase  in  their  number  does  not  inherently  increase 
the  imbalance  in  intercell  or  nodal  currents.  However,  in  an  assembly  of  modules  with  one  or  more 
defective  cells,  or  with  a  sufficiently  large  variation  among  the  cell  functional  elements,  a  situation 
arises  which  substantially  reduces  the  battery  lifetime  and,  on  occasion,  may  lead  to  catastrophic 
events.  In  this  communication,  we  examine,  in  general  terms,  the  effect  of  abnormal  deviation  from 
the  average  value  of  pertinent  parameters  on  the  performance  characteristics  of  a  multi-module  bat¬ 
tery. 

2.0  Battery  fabrication. 

Three  areas  require  particularly  close  attention  during  the  design  phase  of  a  battery.  The  first 
relates  to  maximizing  the  extractable  energy  for  an  a  priori  given  power  output.  The  second 
involves  minimizing  the  time  and  energy  required  to  activate  the  battery  or  the  power  needed  to  cir¬ 
culate  the  electrolyte.  The  third  area  of  concern  is  thermal  management  to  realize  a  high  power  out¬ 
put  design  or  to  maintain  the  integrity  of  cell  functional  elements  during  operation  for  extended 
periods  of  time. 

To  minimize  the  power  losses,  a  low  discharge  current  density  arrangement  requiring  a  high 
potential  is  desired.  This,  in  turn,  requires  a  large  number  of  cells  in  each  module  with  several  of 
these  modules  connected  in  parallel.  To  maximize  the  extractable  energy  density  a  compact  design  is 
needed,  i.e.,  a  thin  cell  design  (3).  As  a  rule,  the  amount  of  electroactive  material,  hence  the  cell 
thickness  and  area,  is  a  function  of  the  required  discharge  time,  usually  expressed  as  the  time 
needed  to  reach  an  a  priori  specified  cell/battery  voltage.  Cells,  as  thin  as  0.044  cm,  can  be  fabri¬ 
cated  (4).  Of  course,  fabricating  the  very  thin  cells  places  special  demands  on  the  manufacturing  and 
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assembly  process. 


2.1  Fabrication  sequence. 

A  typical  fabrication  sequence  of  a  module  is  summarized  in  the  form  of  a  block  diagram  in  Fig.  1. 
The  cell  functional  elements,  e.g. ,  positive  and  negative  electrode  structures,  are  first  fabricated. 
Then,  other  components  such  as  separators,  bipolar  plates,  current  collectors,  etc. ,  are  cut  to  size. 
The  assembly  process  consists  of  stacking  the  cells  and  compressing  the  stack  to  the  designed  thick¬ 
ness.  Finally,  means  for  battery  activation  or  electrolyte  circulation  are  provided  to  complete  the 
process  of  module  assembly. 

2.2  Quality  control  (QC)  measures. 

Quality  control  measures  arc  closely  connected  with  fabrication  steps  and  the  dynamics  of  the 
ccll/mcdulc  operation.  Thus,  in  the  course  of  component  fabrication,  not  only  must  the  amount  of 
stored  clectroactive  material  be  controlled  but  also  the  geometrical  constraints  of  the  porous  struc¬ 
ture.  The  control  of  the  purity  and  amount  of  the  electroactive  material,  presents  no  special  problem. 
On  the  other  hand,  the  control  of  geometrical  constraints  is  a  serious  and.  as  yet,  unresolved  prob¬ 
lem.  Porous  electrodes  arc  usually  made  by  sintering  or  by  a  combination  of  rolling  and/or  pressing 
of  the  particles  comprising  the  electrodes.  Thus,  the  fabrication  of  porous  electrodes  incurs  statisti¬ 
cally  spread  deviations  in  structural  parameters  such  as  specific  surface  area,  porosity,  tortuosity, 
particle  and  pore  size.  According  to  Dunning  (6),  the  description  of  the  interplay  between  elemen¬ 
tary  processes  associated  with  the  charge  transfer  and  the  geometry  of  the  electrode  structure 
requires  consideration  of  three  averages:  an  average  over  the  volume  of  the  electrolyte  phase  in 
pores,  an  average  over  the  interfacial  area  between  the  electrode  matrix  and  electrolyte  and  an  aver¬ 
age  over  the  cross  section  exposing  electrode  matrix  and  pores. 

It  is  not  our  purpose  to  suggest  or  promote  any  particular  form  of  QC  activities;  rather  to  indicate 
the  need  for  such  activities  and  discuss  the  consequences  of  their  absence  in  terms  of  power  loss  (5), 
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thermal  management,  and  the  integrity  of  functional  elements.  The  relevant  properties  are  indicated 
in  Fig.  1  alongside  the  fabrication  sequence. 

3.0  Electric  circuit  analog. 

The  characteristic  features  of  an  operating  electrochemical  cell  can  be,  and  are  often,  simulated  by 
an  electric  circuit  analog.  Examples  with  regard  to  battery  technology  are  numerous(7). 

3.1  Assumptions  and  definitions. 

In  the  present  discussion,  we  retain  all  of  the  definitions  and  assumptions  of  refs.  (1)  and  (2).  In 
particular:  (i)  an  intercell  current  is  an  ionic  current  that  originates  in  one  cell  and  terminates  in 
another;  (ii)  the  current  distribution  is  adequately  simulated  by  an  electric  circuit  analog.  Fig.  2;  (iii) 
the  phenomenological  coefficients  associated  with  the  ionic  current  are  replaced  by  resistances;  (iv) 
the  potentials  in  the  electrolyte  phase  at  the  entrance  port  to  the  cell,  are  uniform;  (v)  the  bipolar 
plates  are  equipotential;  (vi)  the  intercell  current,  is  equal  to  the  difference  between  circulating 
currents,  i.e.,  /,  =  J,  —  (vii)  circulating  currents  at  the  coupling  interfaces  between  modules 
have  finite  values  while  those  at  battery  terminal  cells  are  zero.  The  replacement  of  the  phenomeno¬ 
logical  coefficients  by  the  lumped  resistances  implies  uniform  current  distributions  on  the  cross  sec¬ 
tions  of  the  associated  segments. 

3.2  The  A  —  parameter 

An  analysis  of  the  electric  circuit  analog,  representing  a  single  module,  is  given  in  ref.  (1)  while 
that  for  an  assembly  of  modules  is  given  in  ref.  (2).  In  both  cases,  it  is  convenient  to  introduce  the 
parameter  A.  This  parameter  depends  on  the  battery  design,  the  properties  of  the  electrolyte 
employed  and  the  kinetics  of  the  charge  transfer  reaction(s)  occurring  within  the  confines  of  the 
porous  structures  of  the  electrodes.  For  the  special  case,  where  all  cell  parameters  are  uniform 
throughout  the  modules,  the  expression  for  the  intercell  currents  can  be  obtained  in  a  closed  form(l), 
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with  A  given  by  Eq.  (1) 


A  =  1  +  X  +  VX{2  +  X)  (1) 

in  which  X  =  (Rt  +  Rz ) /2R t  '  where  R,  '  =  R}  +  Rr  -  Rla2(oaac.  Physically,  the  A- 
parameter  indicates  the  ratio  of  intercell  currents  in  adjacent  cells,  ».e.,  /i+1//f.  In  particular,  for 
modules  with  large  number  of  cells,  e.g. ,  N  >  50,  /,-+1//f-  =  A-1  as  i— >1,  and  Ii+1  //,■  =  A  as 
i  — *N.  [  ref.  1,  Eqs.  (36)  and  (37)  ] 

A  cursory  analysis  of  Eq.  (1)  reveals  that  the  constancy  of  the  A—  parameter  is  assured  only  if  the 
devices  are  capable  of  a  steady-state  operation  (this  implies  the  constancy  of  power  output  and  not 
of  electrochemical  processes  ),  e.g. ,  fuel  cells  and  electrolyzers,  providing,  however,  that  the  inert 
structures  are  not  modified  by  passivation  or  corrosion.  In  other  cases,  its  constancy  cannot  be 
assumed.  The  time  dependence  of  the  A-  parameter  is  specific  for  a  given  battery  system  and  can 
be,  at  least,  qualitatively  assessed  with  the  aid  of  the  electric  circuit  analog,  Fig.  3.  Thus,  the  Rt  can 
be  regarded  as  being  constant  throughout  the  discharge  period,  the  Rz  are  functions  of  the 
transferred  charge  and  the  Rp  are  determined  by  the  geometry  of  the  entrance  port  and  the  nature 
of  the  electrochemical  system. 

In  analogy  with  the  special  case,  Eq.  (1),  we  can  define  the  parameter  ^A,—  ,  Eq.  (2) 

<m>Af.  =  1  +  +  y/MXi{  2  +  (2) 

where  .  is  defined  similarly  to  X  ( vide  supra),  except  that  here  the  parameters  Rt  ,  Rz 

and  Rf  are  identified  with  the  i  —  th  cell  in  the  m  —  th  module.  In  contrast  to  the  special  case, 
Eq.  (1),  here,  the  ^A,  —  parameter  characterizes  the  time  dependent  behavior  of  groups  of  cells  as 
they  degrade  in  the  course  of  battery  discharge  rather  than  a  complete  module. 

As  illustrated  in  Fig.  4a,  initially  the  A—  parameter  is  statistically  uniform  throughout  the  multi¬ 
module  battery.  Its  numerical  value  ranges  between  1.16  and  1.18  and  the  distribution  among  cells 


2-107 


reflects  the  statistical  variation  of  the  functional  elements.  However,  as  the  battery  discharges,  the 
individual  cell  functional  elements  undergo  changes  principally  due  to  the  contribution  of  intcrcell 
currents.  The  groups  of  cells  at  the  negative  end  of  modules  are  substantially  affected,  as  seen  in  Fig. 
4b.  It  is  noted  that  changes  in  the  A—  parameter  and  the  behavior  of  these  cells  should  be  examined 
in  conjunction  with  Figs.  5a  and  5b  where  it  is  also  seen  that  changes  have  occurred  at  the  module 
negative  end. 

3.3  Quality  control  (QC)  points. 

The  cell  internal  resistance  is,  first  and  foremost,  a  function  of  the  discharge  rate  and  duration.  To 
analyze  the  time  dependence  it  is  convenient  to  represent  the  cell  processes  in  terms  of  components 
of  an  electric  circuit  analog.  The  situation  within  a  single  cell  is  illustrated  in  Fig.  3.  The  time- 
dependent  component  is  principally  located  within  the  porous  structure  of  the  positive  electrode 
where  a  precipitation  of  the  solid  phase  occurs,  i.e.,  in  the  shaded  area.  The  rate  of  change  of  the 
cell  internal  resistance  is  a  function  of  the  initial  porosity  and  the  rate  at  which  the  reaction  front 
penetrates  the  electrode  structure.  This  rate,  expressed  here  by  the  combination  of  an  effective  elec¬ 
trode  separation,  8  ,  and  the  time  dependent  electrolyte  conductivity,  in  general,  varies  during  the 
cell  discharge  in  a  complex  way  (2).  We  shall  not  dwell  into  this  relationship  only  to  indicate  which 
input  parameters  are  affected  and  their  physical  significance. 

The  statistical  variation  in  R,  arising  from  unequal  compression  of  individual  cells  is  here  asso¬ 
ciated  with  both  a  variation  of  the  cell  porosity,  e,  ,  and  a  variation  of  the  effective  cell  electrode 
spacing,  6  ,  [  see  Eq.  (13),  ref.  (1)  and  Eq.  (15),  ref.  (2)  ].  The  cell  porosity  is  derived  from  the  distri¬ 
bution  of  random  variables  y,  where  y  is  chosen  from  the  binomial  distribution  having  a  probability 
of  success  (e,  n  -  emin)/(em&x  -  emin)  and  a  number  of  trials  N„  according  to  the  relationship 
y/N,  =  (e,  -  CmiJAw  -  Cmin)-  This  choice  produces  a  distribution  for  <  e,  <  ^hav¬ 
ing  a  mean  rj(  =  e,in  and  a  standard  deviation  at  =  “  £min)(w  “  •  The  var>a- 
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tion  of  S'  is  introduced  as  an  arbitrarily  chosen  percentage  deviation  from  design  point  for  each 
module.  In  this  communication  we  limit  the  discussion  to  the  above  mentioned  variation  in  cell 
impedance  and  the  occurrence  of  different  numbers  of  cells  in  the  module  of  multimodule  assem¬ 
blies.  The  latter  arising  from  an  operator  error,  which  is  a  rare  but  not  unheard  of,  incident  in  assem¬ 
bling  modules  containing  100  or  more  cells. 


The  time  dependent,  R2{t),  associated  with  the  dynamics  of  the  battery  discharge  is  intioduced 
via  the  rate  of  change  of  the  cathode  conductance,  kc  (t),  Eq.  (3) 


K((t)  = 


WKtz 

i  +  («(<)/«)'' 


(3) 


with  <?(r)  =  j Idt  and  Q  =  w  tNU /(MRt  +  NRz  n),  where  w  is  the  deficiency  factor(l). 
o 

Here,  Q(t)  is  the  actual  amount  of  charge  transferred  to  the  positive  electrode  within  the  time 
period  t ,  while  Q  represents  the  charge  that  would  be  transferred  within  the  battery  lifetime,  r, 
under  conditions  of  no  parasitic  current  flow.  The  adjustable  parameter,  is  related  to  the  mor¬ 
phology  of  the  solid  reaction  products;  here,  it  is  chosen  so  that  the  calculated  module  discharge 
characteristics  approximate  observed  behavior.  The  time  variation  of  the  feed  tube  resistance,  Rj , 
affects  the  operation  of  a  battery  and  the  distribution  of  intcrcell  currents,  but  is  essentially  a  design 
factor  rather  than  a  QC  issue.  The  time  dependency  and  statistical  variation  of  Rj  is  included  here 
in  a  manner  reported  in  ref.  (2) 


3. -4  Construction  of  solution. 

Figure  6  shows  a  flowchart  of  the  solution  program  used  to  calculate  the  intercell  currents  within 
an  assembly  of  modules.  First,  the  geometry  and  physical  properties  of  the  module(s)  are  defined. 
The  system  parameters  include  the  number  of  modules  (maximum  of  5),  the  number  of  cells  per 
module  (maximum  of  90),  porosity  fineness  of  the  cathodes,  cathode  use  factor,  anode  reversed 
current  factor,  and  load  resistance  as  defined  in  ref.  (2).  The  cell  and  feed  tube  porosities  are 
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assigned  from  the  same  distribution,  as  described  in  section  3.3,  using  a  random  number  generator. 
The  porosities  were  chosen  from  the  range  0.3  to  0.9  corresponding  to  limitations  imposed  by  heat 
evolution  (8)  and  practical  considerations  of  cell  construction.  In  the  case  of  deficient  modules,  the 
number,  location  and  deficiency  factor  of  the  affected  cells  are  defined.  In  these  calculations,  the 
effective  electrode  spacing  is  assumed  to  be  the  same  for  each  cell  within  the  module. 

Once  the  system  parameters  have  been  established,  the  starting  cell  and  feed  tube  conductivities 
are  calculated  and  the  time  step  loop  calculations  are  started.  Within  the  time  loop  the  port  input 
resistances  are  calculated,  [  Eq.  (1),  ref.  (1)  ],  and  the  banded  matrix  for  each  module’s  loop  currents 
are  set-up.  The  module  coupling  equations  for  the  coupling  currents  are  computed  from  tridiagonal 
sets  of  linear  equations  -  one  set  for  each  module.  The  reversed  current  for  each  cell  is  then  com¬ 
puted  as  is  the  charge  transferred  by  the  reversed  current,  [  Eq.  (23),  ref.  (1)  ].  The  loop  currents  are 
used  to  calculate  the  charge  transferred  to  each  cathode.  Using  the  charges  transferred  during  the 
time  increment,  the  new  cell  and  feed  tube  conductivities  are  calculated,  [  Eq.  (15),  ref.  (2)  ].  The 
time  is  advanced  by  the  incremental  amount  and  the  time  loop  calculations  are  done  from  the  new 
time. 

4.0  Results  and  discussion. 

Previously  (1),  we  pointed  out  that  when  a  module  contains  only  a  few  cells,  all  cells  contribute  to 
the  parasitic  currents.  However,  as  the  number  of  cells  in  a  module  increases,  the  centrally  located 
cells  contribute  less  and  the  involvement  is  shifted  to  the  terminal  cells.  A  similar  effect  is  expected 
to  govern  the  behavior  of  an  assembly  of  modules.  For  this  reason,  calculations  were  carried  out  for 
modules  with  ten  (10)  and  fifty  (50)  cells  and  the  results  examined  against  the  quality  control 
requirements.  Calculations  presented  here  and  the  input  data  assembled  in  Table  I  pertain  to  the 
Li  /SOCl 2  battery.  For  other  systems,  the  procedure  is  the  same;  however,  the  relevant  input  data 
must  be  secured  and  the  needed  expressions  formulated  accordingly. 
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4.1  Scale-up  effects 

The  effect  of  the  battery  size  on  the  discharge  characteristics  is  examined  from  two  viewpoints:  (i) 
the  module  size  (  it,  the  number  of  cells  in  a  module)  and  (ii)  the  battery  size  it,  the  number  of 
modules  in  an  assembly).  Well  fabricated  modules  are  assumed. 

As  illustrated  in  Fig.  7,  the  load  current  increases  with  an  increase  in  the  number  of  modules.  For 
example,  scaling-up  from  two  50  -  cell  modules  to  five  50-  cell  modules,  discharged  through  the 
same  external  resistance,  increased  the  load  current  by  ca  10  %.  This  is  an  expected  behavior  since 
the  increase  in  the  number  of  modules  reduces  the  discharge  current  density  in  the  individual 
modules  which,  in  turn,  reduces  their  polarization. 

Practically  all  battery  systems  employ  porous  structures;  thus,  their  fabrication  incurs  statistically 
spread  deviation  in  e.  g. ,  pore  size,  tortuosity  factor  and  catalytic  activity.  Cumulatively,  this  sta¬ 
tistical  variation  is  identified  here  with  the  porosity  variation  and  is  controlled  by  N,,  the  fineness 
factor(l).  The  effect  of  the  binomial  distribution  of  the  porosity  described  in  section  3.3  on  the 
module  load  currents  is  shown  in  Figs.  8  -  10.  It  is  seen  that  within  85  %  of  the  designed  discharge 
time,  each  module  delivers  uniformly  a  fraction  of  current  that  is  determined  by  the  statistical 
aspects  of  the  individual  modules.  Within  the  remaining  15  %,  there  is  a  clear  manifestation  ofload 
sharing  in  which  the  already  depleted  modules  deliver  less  current  and  other  modules  compensate 
by  increasing  their  contribution  as  evidenced  by  a  a  cross-over  of  the  load  currents.  This  load  shar¬ 
ing  presents  no  problems  if  the  modules  contain  a  large  number  of  cells.  If  fewer  cells  comprise  a 
module,  local  heating  may  occur  toward  the  end  of  discharge,  as  indicated  by  the  shaded  area  in  Fig. 
10  d.  Examining  Figs.  9  and  10,  we  note  that,  for  modules  having  a  large  number  of  cells,  the  effect 
of  the  fineness  factor  on  the  load  distribution  is  minimal.  For  an  assembly  of  modules  with  only  a 
few  cells,  the  effect  is  more  pronounced. 

4.2  Effect  of  variation  in  module  compression/expansion 
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A  typical  assembly  sequence  is  as  follows:  the  individual  cells  are  stacked  with  due  attention  to 
alignment.  When  a  predetermined  number  of  cells  are  in  place,  then  the  module  is  compressed  to  the 
desired  thickness.  In  one  procedure,  a  variation  of  4%  in  either  compression  or  expansion  is  accept¬ 
able  (4).  From  the  QC  point  of  view,  we  need  to  examine  the  effect  of  cell  compression  and/or 
expansion  on  the  load  current  as  well  as  currents  delivered  by  individual  modules.  As  expected  and 
confirmed  in  Fig.  11,  modules  in  compression,  i.e.,  decreased  6 *,  contribute  more  to  the  load 
current  than  those  in  expansion.  Our  model  implies  that  a  variation  of  up  to  10  %  is  acceptable.  It  is 
noteworthy  that  the  battery  load  current  is  not  affected  throughout  the  duration  of  the  discharge. 
Any  correlation  between  porosity  and  compression  has  been  omitted. 

4.3  Unequal  numbers  of  cells  in  modules. 

Large  Li  /SOCl2  power  sources,  eg  ,  10  kW,  contain  ca  100  cells  per  module.  This  large  number 
of  cells  increases  the  probability  of  constructing  modules  with  fewer  or  greater  than  the  specified 
number  of  cells.  The  effect  of  such  an  error  is  illustrated  in  Fig.  12.  It  is  seen  that  missing  or  addi¬ 
tional  cells  in  the  amount  of  2  %  affect  the  battery  lifetime  and  load  delivered  to  the  external  ciruit. 
Specifically,  the  effect  of  fewer  cells  is  similar  to  that  resulting  from  an  expansion  in  module  thick¬ 
ness  (  i.e.  increased  6  )  while  the  effect  of  extra  cells  corresponds  to  a  compression.  In  either  case, 
the  deficient  module  may  generate  excess  heat. 

4.4  Modules  with  defective  cells. 

Defective  cells  in  a  module  are  cells  that  fail  prematurely.  The  measure  of  their  deficiency  is 
introduced  through  the  computational  factor  w,  see  Eq.  (3),  which  varies  between  zero  and  unity, 
and  affects  both  the  conductivity  in  the  cathode  and  the  total  charge  deliverable  by  a  cell(l).  The 
smaller  this  factor,  the  more  serious  the  defect.  The  occurrence  of  these  defects  in  the  Li  /SOCl2 
system  is  associated  with  cathode  fabrication. 

For  illustration  of  the  effect  of  defective  cells  in  an  assembly  of  modules,  we  selected  central  cells 
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of  the  second  module  and  assigned  the  deficiency  factor  w  =  0.5.  It  is  seen  that  half-way  through 
the  discharge  process,  the  battery  load  current  became  less.  Fig.  13a,  due  to  the  failure  of  the  first 
module.  It  is  also  seen  that  the  remaining  modules  were  not  able  to  compensate  completely.  Fig.  13b. 
Moreover,  as  illustrated  in  Figs.  13c  and  13d,  local  heat  sources  are  generated  by  the  intercell 
currents  in  addition  to  an  excessive  heat  production  due  to  an  increase  in  the  load  currents  gen¬ 
erated  by  the  well  functioning  modules. 

5.0  Concluding  remarks. 

QC  aspects  of  the  fabrication  of  a  multimodule  Li  /SOCl2  battery  employing  common  electrolyte 
are  examined  with  regard  to  (i)  tolerances  on  compression  and/or  expansion  (thickness  of  a  module), 
(ii)  missing  or  extra  cells  and  (iii)  the  presence  of  defective  cells.  Present  calculations  confirm  ear¬ 
lier  findings  that  the  addition  of  well  constructed  modules  introduces  no  special  difficulties.  Our 
model  also  predicts  that  tolerances  in  module  thickness  up  to  ca  10  %  arc  acceptable.  The  variation 
in  the  number  of  cells  in  a  module  up  to  2  %  can  be  tolerated.  Modules  with  missing  cells  behave  as 
if  they  were  in  expansion.  The  most  serious  problem  arises  from  the  construction  of  deficient  cells 
thus  suggesting  a  strict  enforcement  of  the  control  measures  in  the  fabrication  of  positive  electrodes. 
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Symbols. 
i  -  running  index 
/  -  intercell  current,  A 
J  -  current,  A 
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M  -  number  of  modules  in  a  battery 


N  -  number  of  cell  in  a  module 
R  -  resistance,  fl 
t  -  time,  s 

w  -  faradaic  inefficiency  factor 
X  -  dimensionless  resistance  (defined  in  text) 
y  -  random  variable 

6'  -  effective  distance  between  electrodes,  cm 
e  -  porosity 

fmaxi  emin  -  see  section  3.3 
$  -  potential,  V 

A  -  defined  in  text  (Eqs.  1  and  2) 

77  -  mean  value 

o-  standard  deviation 

subscripts 

f  -  feed  line 

l  -  load 

n  -  nominal 

p  -  cell  port  entrance 

t  -  fill  tube 

z  -  cell  internal 

superscript 

(m)  -  module  identification 
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Figure  captions 

Fig.  1  -  A  block  diagram  indicating  the  fabrication  sequence  for  module/battery  assembly  and  QC 
requirements.  /  -  thickness;  N  -  number  of  cells;  R{  and  Rt  -  feed  line  and  fill  tube  resistances, 
respectively;  w  -  deficiency  factor;  8’  -  electrode  separation;  e  -  porosity. 

Fig.  2  -  The  module  and  module/module  coupling  representation  by  an  electric  circuit  analog.  J,  - 
circulating  current;  /,  -  intercell  current;  $  -  potential  at  manifold  inlet;  Rf  manifold  feed  resistor; 
Rt  -  equivalent  feed  tube  resistor;  R,  -  internal  cell  impedance.  Both  (+/+)  and  (-/-)  interfaces  are 
indicated. 

Fig.  3  -  An  electric  circuit  analog  representation  of  an  operating  Li  /SOCl2  cell.  Shaded  areas 
indicate  the  locations  of  the  time  dependent  circuit  elements  relevant  to  the  computed  results. 

Fig.  4  -  The  time  evolution  of  A—  parameter  calculated  for  each  cell  in  an  assembly  of  four  fifty-cell 
modules  for  the  input  data  listed  in  Table  I,  with  N,  =  10.0. 

4a  -  initial  distribution 

4b  -  distribution  after  288  seconds  of  battery  discharge.  The  insert  is  the  expansion  to  the  same  scale 
as  in  4a  of  the  interface  between  the  first  and  second  module. 

Fig.  5  -  The  time  evolution  of  intcrcell  currents.  Conditions  as  in  Fig.  4. 

Fig.  6  -  A  flow  chart  for  calculation  of  characteristics  of  the  multi-module  battery  discharge. 

Fig.  7  -  The  external  load  current  in  an  assembly  of  50-  cell  modules  with  N,  =  10.  The  other  input 
data  listed  in  Table  I.  The  number  of  modules  in  an  assembly  is  indicated  alongside  the  curves. 

Fig.  8  -  Tne  portion  of  the  load  current  supplied  by  individual  modules.  Conditions  as  in  Fig.  7.  Figs. 
8a  -  8d  for  assemblies  of  2,  3,  4  and  5  modules,  respectively. 
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Fig.  9  -  The  portion  of  the  load  current  supplied  by  the  individual  modules.  Conditions  as  in  Fig.  7 
except  that  N,  —  5.  Figs.  9a  -  9d,  for  assemblies  of  2,  3,  4  and  5  modules,  respectively. 

Fig.  10  -  The  portion  of  the  load  current  supplied  by  the  individual  modules.  Conditions  as  in  Fig.  7. 
Figs.  10a  -  lOd,  for  assemblies  of  2,  3,  4  and  5  modules,  respectively. 

Fig.  1 1  -  The  portion  of  the  load  current  supplied  by  each  module  in  a  3  -  module  assembly.  Condi¬ 
tions  as  in  Fig.  7,  except  for  S'.  Fig.  1  la  -  4  %  compression;  1  lb  -  4  %  expansion. 

Fig.  12  -  The  portion  of  the  load  current  supplied  by  each  module  in  a  3-  module  assembly.  Condi¬ 
tions  as  in  Fig.  7,  except  for  the  number  of  cells  in  the  first  module.  Fig.  12a  -  49  cells;  Fig.  12b  -  48 

cells. 

Fig.  13  -  The  effect  of  a  group  of  defective  cells  on  battery  performance.  The  deficient  cells  are 
numbers  29  through  32  of  the  second  module,  corresponding  to  numbers  69  through  72  of  the  com¬ 
plete  assembly.  Conditions  as  in  Fig.  7,  except  that  the  defective  cells  have  a  deficiency  factor 
w  =  0.5. 

Fig.  13a  -  external  load  current 

Fig.  13b  -  load  current  supplied  by  the  individual  modules 

The  evolution  of  the  intercell  current  distribution:  Fig.  13c  at  4.8  min;  Fig.  13d  -  at  7.2  min. 
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ABSTRACT 

The  electrocatalytic  activity  of  carbon  electrodes  and 
additives  such  as  Fe-,  Co-,  Cu-phthalocyanines  and  AlCl^  on 
the  cathodic  reduction  of  SOCI2  was  investigated  by  cyclic 
voltammetry  and  AC  impedance  techniques.  Results  obtained 
by  cyclic  voltammetry  indicate  that  cathodic  reduction  of 
SOCI2  is  enhanced  by  Fe-  and  Co-  phthalocyanines  but  remains 
relatively  unaffected  by  the  presence  of  Cu-phthalocya- 
nine.  The  enhancement  of  the  SOCI2  reduction  in  the 
presence  of  AlClj  is  substantially  different  than  with 
phthalocyanines.  The  effect  of  electrocatalysts  on  the 
cathodic  reduction  of  SOCI2  and  possible  mechanisms  for 
enhanced  activity  are  discussed. 

An  accelerated  progress  in  electrochemical  technology  can  be 
realized  only  with  better  understanding  of  electrocatalysis  and  the 
development  of  catalysts  for  specific  charge  transfer  reactions. 
Electrocatalysis  may  be  viewed  as  a  special  case  of  heterogeneous 
catalysis  inasmuch  as  the  catalyst  must  be  in  contact  with  an  elec¬ 
tronically  conductive  substrate  which  functions  as  either  electron 
source  or  sink.  Moreover,  if  the  catalyst  is  applied  in  the  form  of 
a  thin  film,  it  must  be  sufficiently  conductive  to  avoid  substantial 
ohmic  losses.  Alternatively,  the  electrocatalytic  substance  may  be 
dissolved  in  the  electrolyte.  In  such  a  case,  active  sites  may  be 
created  on  an  otherwise  inactive  substrate  by  chemisorbed  active 
material . 

Important  theoretical  and  practical  developments  in  the  field  of 
electrocatalysis  have  occurred  in  the  past  two  decades,  particularly 
in  enhancement  of  hydrogen  and  oxygen  electrode  reactions  (1,2). 
Most  recently,  concepts  advanced  and  catalysts  developed  for  fuel 
cells  were  adapted  to  other  energy  conversion  devices,  e.g.,  to  the 
highly  energetic  Li/SOC^  cells  with  the  intent  to  increase  their 
discharge  rate  capability.  To  accomplish  this  goal,  the  porous  Shaw 
inigan  black  electrodes  are  being  modified  by  incorporation  of  finely 
divided  metal  particles,  e.g.,  Pt  (3),  Cu  (4),  transition  metal 
halides  (5)  and  transition  metal  complexes  with  N4  chelates,  e.g., 
Co-,  Fe-,  Cu-  phthalocyanines  (6,7). 
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In  this  communication  we  examine  the  effect  of  AICI3  and  of 
phthalocyanine  complexes  on  the  reduction  of  SOCI2  taking  place  on  a 
surface  of  glassy  carbon  electrodes. 

EXPERIMENTAL  RESULTS 

Data  on  catalytic  activities  of  transition  metal  phthalocyanines 
are  based  on  cyclic  voltammograms  and  AC  impedance  measurements.  The 
description  of  the  electrochemical  ceil  and  apparatus  employed  in 
this  investigation  as  well  as  procedures  used,  have  been  described 
previously  (8,9). 

Effect  of  Catalysts  on  V^,. .  The  effect  of  addition  of  AICI3  and 
of  Co-  phthalocyanine  (CoPc)  on  the  rest-potential  was  examined  in  an 
U-  cell  provided  with  two  compartments  separated  by  a  fritted  glass 
disc.  In  this  cell,  one  compartment  contained  a  Li  reference 
electrode  immersed  in  neutral  electrolyte,  the  other,  a  test  elec¬ 
trode  immersed  in  an  electrolytye  modified  by  addition  of  either 
AICI3,  CoPc  or  both. 

The  results  presented  in  Table  I,  show  that,  upon  addition  of 
AICI3,  the  rest-potential  of  carbon  and  molybdenum  electrodes  became 
300  mV  more  positive  while  the  Li  electrode  remained  at  the  same 

potential.  The  addition  of  CoPc  also  shifted  the  rest-potential  in 

the  positive  direction,  but  only  by  100  mV.  It  is  noteworthy  that 

when  both  substances  were  added  simultaneously,  the  potential  shift 
was  400  mV,  i.e,  the  observed  potential  displacement  was  additive. 
The  Li  electrode  always  remained  at  the  same  potential  irrespective 
of  solution  composition,  thus  it  can  serve  as  a  good  reference  elec¬ 
trode,  while  both  C  and  Mo  behave  as  electrodes  of  the  first  kind 

(9). 


Effect  of  AlCl^  Addition.  The  effect  of  the  addition  of  AICI3 
on  the  current/ potential  relationship  is  illustrated  in  Fig.  1.  In 
particular,  curve  a  is  a  voltammogram  recorded  in  a  1M  LiAlCl^ 
solution  in  S0C12*  Curves  b  and  c,  are  voltammograms  in  solutions 
containing  0.07  M  AICI3  +  0.93  M  LiAlCl^  in  S0C12,  and  0.6  M  AICI3  + 
0.4  M  LiAlCl^  in  SOCI2  respectively. 

Evidently,  the  addition  of  AICI3  even  in  small  amounts  generates 
a  new  peak,  peak  A,  located  in  this  case  approximately  200  mV  posi¬ 
tive  with  respect  to  the  SOCI2  reduction  peak  in  neutral  solutions, 
peak  B.  The  height  and  position  of  peaks  A  and  B  depend,  in  a 
complex  way,  on  amount  and  ratio  of  AICI3  concentration,  peaks  A  and 
B  become  broader,  their  separation  larger  and  displaced  in  the 
cathodic  direction,  curve  c.  At  much  higher  concentrations,  e.g.,  in 
1.9  M  AICI3  +  2.2  M  LiAlCl^  in  S0Cl2>  only  one  broad  peak  is 

observed. 

Effect  of  Phthalocyanine  Addition.  The  addition  of  phthalo¬ 
cyanine  complexes  to  a  neutral  solution  increases  the  peak  current 
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and  shifts  the  peak  potential  in  the  anodic  direction.  The  magnitude 
of  the  peak  current  and  its  position  depend  on  the  selection  of  the 
complexed  central  metal  ion.  This  dependence  is  illustrated  in  Fig. 

2,  where  voltammograms  obtained  in  electrolyte  containing  CuPc  and 
FePc  are  shown  alongside  the  voltammogram  in  1  M  LiAlCl^  only,  curves 
b,  c  and  a,  respectively. 

Similar  behavior  is  observed  upon  the  addition  of  CoPc ,  Fig. 

3.  Here,  a  twofold  increase  in  the  peak  current  and  a  250  mV  dis¬ 
placement  of  the  peak  in  the  anodic  direction  is  evident.  However, 
the  total  charge  transferred  in  the  period  between  the  initiation  of 
reduction  and  passivation  of  the  electrode  surface,  is  about  the 
same.  The  small  displacements  in  the  peak  current  on  three  succes¬ 
sive  scans  on  a  repolished  electrode  in  curves  1,  2  and  3  are 
probably  due  to  an  increase  in  the  CoPc  concentration  of  the  slowly 
dissolving  CoPc. 

The  mechanical  removal  of  p"  ?  mating  films  from  the  electrode 
surface  is  more  difficult  when  sue  ;  films  are  formed  in  the  presence 
of  the  dissolved  CoPc.  The  r  ..oval  of  passive  films  can  also  be 
accomplished  by  holding  the  electrode  at  potentials  positive  to  the 
VQC,  e.g.,  at  +4.5  V  as  illustrated  in  Fig.  4.  Here,  curves  1  and  2 
are  repetitive  voltammograms  covering  the  range  between  +3.6  V  to 
+  1.85  V  and  return.  The  return  sweep  to  +3.6  V  did  not  remove  the 
passive  film.  However,  by  extending  the  return  sweep  to  +4.5  V,  the 
electrode  surface  was  restored  to  its  original  condition,  curve  3. 

Nyqulst  Plot.  Figure  5  shows  a  Nyquist  plot  for  a  neutral  solu¬ 
tion,  curve  a,  and  for  a  neutral  solution  containing  CoPc,  curve  b. 
Evidently,  the  addition  of  CoPc  yields  also  a  semicircle,  but  its 
radius  is  substantially  smaller  than  in  the  presence  of  the  catalyst 
indicating  that  the  interfacial  charge  transfer  resistance  is  less  in 
the  preserve  of  a  catalyst. 


DISCUSSION 

The  necessary  condition  for  the  initiation  of  an  electrochemical 
procesj  is  the  intimate  contact  between  the  reactive  species  and  a 
phase  boundary  where  the  charge  transfer  occurs.  This  requirement 
implies  that  an  adsorption  process  must  precede  the  charge  transfer 
step  and,  furthermore,  it  suggests  that  an  electrocatalyst  may  affect 
more  than  one  of  the  elementary  processes  comprising  the  overall 
reaction  pathway. 

The  evaluation  of  electrocatalytic  activities  in  a  system  as 
complex  as  the  reduction  of  S0Cl2»  is  not  straightforward.  First, 
the  reaction  is  kinetically  controlled  within  only  a  narrow  range  of 
overpotentials,  ti,  because  at  higher  overpotentials  the  formation  of 
prepassive  LiCl  films  prevents  an  unambiguous  interpretation  of 
results.  Second,  the  physicochemical  properties  of  SOCI2  based  elec¬ 
trolytes  further  complicate  the  matter  on  account  of  the  formation  of 
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various  complexes  whose  properties  are  not  at  present  entirely  known, 
e  .g . ,  complexation  with  reaction  products  such  as  SO2  cannot  be  ex¬ 
cluded  . 


Rest  potential.  An  Evans  type  representation  of  the  log  i  vs  V 
curves  for  the  reduction  and  oxidation  of  the  SOCl2-LiAlCl4  solu¬ 
tions,  implies  that  the  rest  potential  observed  on  glassy  carbon 
electrodes  is  an  example  of  a  mixed  potential  (9).  The  displacement 
of  this  potential  upon  the  addition  of  CoPc  is  in  agreement  with  such 
a  conclusion  inasmuch  as  a  catalyst  should  not  affect  a  true  thermo¬ 
dynamic  potential. 

The  displacement  of  the  rest  potential  upon  the  addition  of 
AICI3  to  a  neutral  solution,  arises  from  a  change  in  the  reactant  and 
the  products,  as  illustrated  in  a  diagram,  Fig.  6.  In  the  presence 
of  an  excess  of  AICI3,  a  potential  displacement  is  expected  because 
of  the  formation  of  a  more  stable  product,  LiAlCl4,  in  contrast  with 
the  formation  of  LiCl  that  occurs  in  neutral  solutions.  Theoretical 
calculations  (10)  predicted  the  displacement  of  AEp(  =  b-a)  between 
530  and  630  mV,  depending  upon  the  value  of  the  equilibrium  constant, 
K,  for  the  reaction 

LiCl  +  AICI3  -  LiAlCl4  (I) 

As  indicated  in  Fig.  6,  in  acid  solutions  it  is  the  adduct 
AICI3  •  S0C1 2  that  is  the  reactant,  i.e.,  the  rest-potential  will  be 
less  by  AEr(  *  b-c)  arising  from  the  reaction 

S0C12  +  AICI3  |  AICI3  •  S0C12  (II) 

with  AEr  given  by 

[L1A1C1  ]4 

AE  =  0.0148  log  - - - -  (1) 

[aici3  •  soci2r  [AlCl3r 

Unfortunately,  the  K  value  for  reaction,  Eq .  (II),  is  not  known,  but 
clearly  since  by  taking  the  complexation  of  S0C12  into  account  a  more 
stable  reactant  is  made,  AG  and  also  AE  will  be  lowered  with  respect 
to  the  situation  where  no  complexation  is  taken  into  account  (compare 
c  with  b  in  Fig .  6) . 

Effect  of  Addition  of  AlCl^  on  i/t)  Curves.  The  appearance  of  a 
second  reduction  peak,  peak  A  Fig.  1,  was  first  noted  by  Doddapaneni 
(11)  for  a  neutral  solution.  However,  he  observed  this  peak  under 
special  circumstances,  namely;  ( i)  on  stress  annealed  graphite  elec¬ 
trodes,  (ii)  on  dry  surfaces  and  (iii)  during  the  first  cycle.  Such 
a  set  of  observations  would  suggest  that  the  appearance  of  an  addi¬ 
tional  peak  is  related  to  the  state  of  the  electrode  surface.  Never¬ 
theless,  he  ascribed  their  existence  to  a  two  step  process  in  the 
reduction  of  S0C12. 
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The  present  investigation  attributes  the  formation  of  two  peaks 
in  an  acid  solution  to  the  change  in  the  properties  of  the  electro¬ 
lyte  phase,  primarily  to  the  formation  of  the  AICI3  *  S0C12  adduct. 
This  conclusion  is  based  on  the  behavior  of  voltammograms  with  a 
change  in  the  concentration  of  AICI3 .  It  is  noteworthy  that,  in 
contrast  with  Doddapaneni' s  results,  the  peaks  in  acid  solutions  were 
reproducible  in  successive  voltammograms. 

The  complicated  dependence  of  the  voltammograms  on  AICI3  concen¬ 
tration  is  expected  in  view  of  the  complexity  of  the  Li-AlCl^-SOC^ 
system  (12).  With  the  addition  of  AICI3,  not  only  the  conductivity 
of  the  electrolyte  changes  but  also  its  structure.  The  ion-ion  and 
ion-solvent  interactions,  as  well  as  formation  of  yet  unidentified 
aggregates,  makes  a  definite  interpretation  of  the  voltammograms 
impossible  at  the  present  time.  Nevertheless,  certain  conclusions 
can  be  formulated:  (i)  the  appearance  of  an  additional  peak  in  acid 
solutions  is  not  due  to  two  step  reduction  of  SOCI2  because  in  that 
case  we  would  not  see  a  merger  of  these  peaks  at  higher  AICI3  concen¬ 
trations  and  (ii)  peak  A  is  not  responsible  for  the  observed  step  in 
the  voltage-time  curves  of  a  discharging  Li/SOCl2  cell,  i.e.,  to  the 
exhaustion  of  AICI3  in  a  cell  being  discharged  at  constant  load  (13) 
since  in  our  case  consecutive  cycles  reproduced  peak  A,  indicating 
that  our  cell  is  not  exhausted  of  AICI3  when  peak  A  arises. 

Effect  of  Phthalocyanlnes.  The  electrocatalytic  effect  of 
metal- phthalocyanlnes  (lie-Pc)  where  Me  *  Co,  Fe,  Cu  is  assumed  to  be 
through  the  weakening  of  the  S“0  double  bond  attributed  to  the 
interaction  of  the  catalyst  with  the  central  metal  ion  of  the 
chelates.  In  contrast  to  the  electrocatalytic  reduction  of  02  (1,2), 
details  of  the  reaction  pathway  for  the  reduction  of  S0C12  are  not 
known;  the  proposed  reaction  mechanisms  (7,  14,  15)  have  not  been 

sufficiently  justified.  However,  if  the  arguments  presented  for 
catalytic  reduction  of  02  also  apply  here,  then  electrocatalytic 
activity  should  decrease  in  the  following  order:  Fe  >  Co  »  Cu  >>  Li 
(with  no  activity  associated  with  Li).  Comparing  the  amount  of 
cathodic  reduction  current  in  the  presence  of  different 
phthalocyanlnes  at  a  fixed  potential  within  the  range  of  kinetic 
reaction  control  [e.g.  at  +3V  versus  Li,  see  ref.  (9)]  reveals  that 
the  observed  catalytic  activities  in  the  reduction  of  S0C12  are  the 
same  as  for  02  thus  suggesting  that  the  process  of  weakening  of  the 
SO  bond  is  essentially  similar  to  that  for  the  reduction  of  02-  A 
word  of  caution:  because  S0C12  is  a  weak  donor  [0.4  on  the  Gutmann 
scale  (16)]  it  may  form  complexes  with  the  reaction  products,  and 
catalytic  activities  may  not  be  limited  to  the  charge  transfer 
reaction  but  directly  or  indirectly  affect  other  elementary  processes 
as  well.  We  observed  that  the  nature  of  the  passivatii^  film  on  the 
carbon  electrode  is  altered  by  the  presence  of  catalysts  in 
solution.  This  observation  was  also  made  on  porous  carbon  electrodes 
in  batteries  in  the  presence  of  the  same  catalysts  and  is  currently 
the  subject  of  intensive  investigation  with  different  types  of 
surface  analysis  techniques. 


2-135 


Comparing  Fig.  1  with  Figs.  2-4,  we  note  that  the  contribution 
of  AICI3  differs  fundamentally  from  that  of  phthalocyanines .  In  the 
first  case,  the  change  in  VQC  is  attributed  to  the  change  in  reac¬ 
tants  and  products  while  in  the  second  case  it  is  due  to  lower  energy 
of  activation  for  the  reduction  of  SOCI2  complexed  with  MePc . 

An  interesting  feature  in  Fig.  3  is  the  slight  displacement  in 
the  peak  current  in  the  anodic  direction.  This  effect  seems  to  be 
associated  with  an  increasing  concentration  of  the  slowly  dissolving 
CoPc.  This  interpretation  is  an  agreement  with  earlier  results  of 
Venkatasetty  (17)  that  the  quasi-exchange  current  density  increases 
with  the  increase  in  CoPc  concentration. 

In  determining  the  electrocataly tic  activities,  we  must  choose  a 
suitable  reference  point.  (18)  Here,  this  is  very  important  because 
the  kinetically  controlled  region  is  rather  narrow.  Up  to  now  we 
have  compared  the  catalytic  activity  of  the  different  MePc  by  com¬ 
paring  currents  at  a  fixed  potential  in  a  region  where  currents  are 
under  kinetic  control.  Another  way  of  examining  catalytic  effects  is 
by  determining  the  influence  of  various  additives  on  the  electron 
transfer  resistance  (Rp)  at  the  open  circuit  potential.  A  catalyzed 
reaction  will  lead  to  a  smaller  Rp  and  thus  via 


P  i  (2 . 303) (^  +  £)A 
o 


where  g  and  ?  are  the  Tafel  coefficients  for  the  forward  and  reverse 
reactions,  to  a  larger  exchange  current  density  (19).  R  can  be 
obtained  as  the  low  frequency  limit  in  a  Nyquist  plot  (see  Fig. 
7).  In  a  previous  paper  (9)  we  did  show  that  at  the  open  circuit 
potential  different  processes  occur  simultaneously:  reduction  of  CI2 
and  SOCI2  and  oxidation  of  SOCI9,  AlCl^  or  LiCl .  Therefore  a 
decrease  in  Rp  or  an  increase  in  iQ  might  not  be  a  good  indication 
for  faster  kinetics  of  SOCI2  reduction.  Possibly  the  CI2  reduction 
or  one  of  the  oxidation  processes  is  catalyzed.  On  the  other  hand, 
it  is  known  that  CI9  reduction  is  a  fast  reaction  and  from  our 
previous  work  we  know  that  at  +3  V  only  SOCI2  is  reduced  and  since  we 
do  see  an  increase  in  reduction  current  there,  it  seems  reasonable  to 
assume  that  also  at  the  VQC  the  observed  decrease  in  R  indicates  an 
increased  effectiveness  of  reduction  of  SOC^.  The  IL  is  about  a 
factor  of  2  smaller  for  the  catalyzed  process  or  iQ  a  factor  of  two 
bigger. 
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POTENTIAL  (V  vs  Li) 

Fig  1  Cyclic  Voltommograms  on  Glassy  Carbon.  Scan  Rate  -  50  mV  s~ 
Electrode  Area  -  0.314  cm^. 

Electrolyte  -  1M  LiAlCl4  in  SOCI2  Curve  a 

-  0.93  M  LiAlCl4  -  0.07  M  AICI3  in  S0C12  Curve  b 

-  0.4  M  LiAlCl^  -  0.6  M  AlCl^  in  SOCI2  Curve  c. 


Fig  2 


+4  +3  +2 

POTENTIAL  (V  vs  Li) 


Cyclic  Voltommograms  on  Glassy  Carbon.  Scan  Rate  -  50  mV  s 
Electrode  Area  -  0.314  cm^. 

Electrolyte  -  1M  LiAlCl4  in  S0C12  Curve  a 

-  1M  LiAlCl^  in  S0C12  saturated  with  Cu- 
phthalocyanine  Curve  b 

-  1M  LiAlCl^  in  SOCI2  saturated  with  Fe- 
phthalocyanine  Curve  c. 


2-140 


Fig  3 


Cyclic  Voltommogram  on  Glassy  Carbon.  Scan  Rate  -  50  mV  s 
Electrode  Area  -  0.314  cm^. 

Electrolyte  -  1M  LiAlCl^  in  SOCI2  Curve  a 

-  1M  LiAlCl^  in  SOCI2  saturated  with  Co-phthalo- 
cyanine;  the  numbers  1,  2  and  3  refer  to  consecu¬ 
tive  runs  in  between  which  the  electrode  was  re¬ 
polished  . 
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a-103Hz 

b-104Hz 

I  R  30-io3n 


Fig  5  Nyquist  Plot.  Electrode  -  Glassy  Carbon;  Area  -  0.316  cm". 
Electrolyte  -  1M  LiAlCl^  in  SOCl^  for  Curve  a 

1M  HAICI4  in  S0C1-,  saturated  with  Fe- 
phthalocyanine  for^Curve  b. 


2  SOCi2+  4  LiA£Cf4  +  4e 
2  SOCi2- A£C4  +  2  AiCij  +  4e 


EXCESS  A£Ci3 

1:1  ADDUCT  +  EXCESS  AiC£3 


NEUTRAL 


S02  +  S  +  LiCit 
+  4  AiCi; 


~T 

_L 


S02  +  S  +  4  AiCi; 


Fig  6  Energetics  of  the  LiAlCl^  -  AICI3  -  SOCI2  -  System. 
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Fig  7  Nyquist  Plot, 

Rg  =  Solution  Resistance. 

Rp  =  Electron  Transfer  Resistance. 


ON  THE  MECHANISM  OF  SOCl2  REDUCTION 
IN  LITHIUM  CELLS 


S.  Szpak  and  P.  A.  Mosier-Boss 
Naval  Ocean  Systems  Center,  San  Diego  CA  95152-5000 
J.  J.  Smith 

Department  of  Energy,  Washington  DC  20545 
R.  J.  Nowak 

Office  of  Naval  Research,  Arlington  VA  22217-5000 


The  reaction  path  of  the  SOCl2  reduction  from  electrolytes  containing  dis¬ 
solved  A1C13,  with  and  without  the  addition  of  LiCl,  is  examined  by  IR- 
reflectance  spectroscopy  and  cyclic  voltammetry.  The  ER-  spectroscopic 
investigation  provides  information  on  the  sequence  the  various  SOCl2  - 
bearing  species  are  reduced.  In  particular,  onium  ions  accept  electrons  at 
low  overpotentials  while  the  Li(*-0SC12)2+  species  require  an  overpotential 
in  excess  of  1.0  V  for  the  reduction  to  occur.  The  importance  of  the  inter¬ 
play  between  participating  processes  and  the  charge  transfer  is  indicated  by 
the  scan  rates  and  the  shape  of  voltammograms  as  a  function  of  concentra¬ 
tion  of  the  electroactive  species.  This  interplay  emphasizes  the  need  for  a 
better  understanding  of  the  role  of  the  electrode/electrolyte  interphase  dur¬ 
ing  cell/battery  discharge. 


Thermodynamic  considerations  prescribe  metallic  lithium  and  elemental  fluorine  as  the 
active  elements  to  assure  the  construction  of  the  highest  energy'  density  electrochemical 
power  source.  Although  the  use  of  lithium  as  the  negative  electrode  is  generally  accepted, 
the  use  of  fluorine  as  the  positive  electrode  is  not  yet  technologically  feasible.  The  search 
for  the  positive  electrode  material  has  resulted  in  the  proliferation  of  Li  -  cells,  among  them 
the  Li/SOCl2  battery.  Historically,  the  Li/SOC!2  system  has  evolved  from  the  exploration  of 
new  concepts  in  liquid  lasing  rather  than  from  thermodynamic  reasoning. 

The  Li/SOCl2  system  exhibits  a  high  theoretical  specific  energy  density  and  the  cell  is 
easy  to  construct.  Thus,  it  is  not  surprising  that,  shortly  after  its  discovery,  an  intense 
development  effort  was  undertaken,  followed  by  claims  and  counterclaims.  Some  of  these 
claims  were  of  a  promotional  nature,  others  arose  from  a  lack  of  a  fundamental  understand¬ 
ing  of  the  discharge  processes  occurring  within  the  cell  interior.  Similarly,  theories  on  the 
mechanism(s)  of  the  charge  transfer  process(es)  have  been  advanced  without  substantial  evi¬ 
dence  ofTered  in  support!  1-4).  Indeed,  the  extent  of  solid  information  available  was  very 
meager  when  a  question  was  posed  as  to  whether  or  not  the  Li/SOCl2  system  can  sustain  a 
current  density'  of  ca  100  mA  cm-2  for  about  10  minutes.  Today,  the  answer  is  yes;  How¬ 
ever,  a  much  broader  question  remains  unanswered,  viz.  what  is  the  system  operational 
capability  with  regard  to  power  output  and  extractable  energy  content  for  an  a  priori 
selected  discharge  rate? 

This  communication  attempts  to  provide  a  partial  answer  to  this  question  through  the  dis¬ 
cussion  of  the  mechanism  of  the  SOCl2  electroreduction  from  practical  electrolytes,  i.e„ 
from  electrolytes  containing  LiAlCl4  and  A1C13  dissolved  in  an  excess  of  SOCl^  The 
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discussion  is  limited  to  the  systematic  examination  of  the  reduction  of  SOCI2  from  the 
binary  and  ternary  systems  containing  A1C13  and  LiCl  and  consider  only  the 
Pt/SOCl2-AlCl3  and  the  Pt/SOCl2  -  A1C13  -  LiCl  interphases. 

Technology  issues  and  method  of  analysis 

The  starting  point  in  the  identification  of  relevant  technology  issues  is  through  cell 
modeling.  Following  the  conclusions  reached  by  Tsaur  and  Pollard(5),  Smith  et  al.  (6) 
showed  that,  in  general,  good  agreement  exists  between  the  theory  and  practice  and  that  the 
important  factor  in  determining  the  cell  lifetime  is  the  form  of  the  local  current  density/ 
overpotential  relationship  and  the  ensuing  changes  associated  with  the  precipitation  and 
growth  of  LiCl  crystallites.  This  problem  was  recently  examined  in  greater  detail  by  Nowak 
et  al.  (7)  in  connection  with  the  role  played  by  the  addition  of  Fe-Pc  in  a  discharging 
Li/SOCla  cell. 

Measurements  of  transport  properties  ( i.  e..  viscosity  and  conductivity)  of  SOCl2-  bearing 
electrolytes,  commonly  used  in  practical  cells,  indicated  the  concentration  dependent  struc¬ 
ture  of  the  liquid  phase,  whose  pertinent  features  were  deduced  from  the  analysis  of  the 
Walden  product(8).  Since  the  electrolyte  concentration  changes  in  the  course  of  cell 
discharge,  it  is  necessary  to  assess  the  structural  changes  as  the  discharge  progresses  and  to 
determine  their  effect  on  the  cell  performance.  Furthermore,  a  rather  cursory  examination 
of  the  j  =  f(E)  curves  by  cyclic  voltammetry  has  led  to  the  conclusion  that  more  than  one 
SOCL  -  bearing  species  participates  in  the  charge  transfer  process(9). 

In  what  follows,  we  outline  suitable  experimental  procedures,  in  particular,  IR-  reflec¬ 
tance  spectroscopy  and  cyclic  voltammetry  to  determine  which  S0C12  species  undergo  the 
charge  transfer  process  and  the  sequence  of  events  associated  with  the  energy  conversion. 
In  the  case  of  cyclic  voltammetry,  we  take  into  account  the  restrictions  imposed  by  the  low 
conductivity  of  the  A1C13-S0C12  bulk  electrolyte. 

Vibrational  spectroscopy.  The  formulation  of  tasks  usually  determines  the  experimental 
technique  of  choice.  Thus,  structural  aspects  of  both  the  bulk  electrolyte  and  the 
electrode/electrolyte  interphase  are  best  studied  by  vibrational  spectroscopy,  in  particular, 
by  Raman  and  IR  spectroscopy(9).  The  molecular  interactions  were  examined  by  decompo¬ 
sition  of  spectral  bands  into  their  Voigt  profiles!  10)  aided  and  supported  by  molecular  orbi¬ 
tal  (MO)  calculations.  Information  on  bond  properties  as  well  as  inter-  and  intramolecular 
interactions  can  be  assessed  from  frequencies  and  their  shifts,  band  intensities,  depolariza¬ 
tion  ratios  and  excitation  profiles.  The  MO  calculations  were  performed  using  AMPAC,  a 
general  purpose,  semi-empirical  molecular  orbital  package  developed  at  the  University’  of 
Texas  at  Austin,  TX.  These  calculations  yield  information  on  the  size,  shape  and  charge  dis¬ 
tribution  within  moleules  and  complexes. 

Cyclic  voltammetry.  Cyclic  voltammetry  was  employed  to  assess  and  resolve  the  complexity 
of  charge  transfer  process.  This  experimental  technique  was  selected  because  the  shape 
of  a  voltammogram  is  determined  by  two  parameters  only,  namely  the  thermodynamic 
parameter,  x  =  Kc,  and  the  kinetic  parameter,  A  =  (RTc/nF)(k/v),  where  c  is  the  concen¬ 
tration  of  the  clectroactive  species,  K  the  equilibrium  constant,  k  the  appropriate  rate  con¬ 
stant  and  v  is  the  scan  rate.  These  two  parameters  form  the  source/sink  term  in  the  expres¬ 
sion  for  mass  balance  and  reflect  a  specific  set  of  events  associated  with  the  charge  transfer 
reaction  taking  place  under  selected  experimental  conditions,  Eq.  (1) 
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The  current/time  relationship,  j(0j)  ,  for  a  linear  potential  scan,  E(t)  =  E®  +  |v|t,  for 
the  N  electroactive  species  and  M  adsorption  processes,  is  given  by  Eq.  (2) 
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where  Tm  denotes  the  maximum  surface  concentration  of  the  m-  th  species  and  9  is  the  sur¬ 
face  coverage.  The  right  hand  side  of  Eq.  (2)  contains  contributions  due  to  the  diffusional 
flux  via  the  sum  of  concentration  gradients  of  electroactive  species  and  the  kinetics  of 
adsorption,  expressed  in  terms  of  the  time  rate  of  change  in  the  surface  coverage  summed 
over  the  number  of  adsorption  processes.  Which  set  of  processes  dominates  the  charge 
transfer  reaction  depends,  among  other  factors,  on  the  rate  of  linear  scan.  In  general,  slow 
scan  rates  relate  to  the  diffusional  processes  while  fast  rates  expose  the  adsorption  charac¬ 
teristics. 


Structural  aspects  of  SOCk  -  bearing  systems 

The  preferred  composition  of  practical  electrolytes  for  the  discharge  at  80  mA  cm-2  is 
about  1.9  M  LiAlCl*  with  a  slight  excess  of  A1C13(5).  This  means  that,  initially,  most  of  the 
SOCk  remains  free,  i.  e..  not  complexed.  However,  in  the  course  of  the  charge  transfer 
reaction,  the  concentration  of  free  SOCl2  diminishes;  thus,  it  is  of  interest  to  examine  first 
the  structural  aspects  of  neat  SOCl2  and  see  how  this  structure  is  affected  by  the  addition  of 
A1C13  and  LiCl.  The  effect  of  reaction  products, in  particular,  S02  and  elemental  sulfur  will 
be  reported  at  a  later  date. 

Neat  thionyl  chloride.  The  SOCI2  molecule  is  of  the  ZXY2  type  and  a  member  of  the  C, 
symmetry  point  group.  It  has  six  normal  modes  of  vibration,  all  Raman  and  IR  active.  The 
S-0  bond  of  SOCl2  has  partial  double  bond  character  which  results  from  the  superposition 
of  prr— dx  back-  bonding  from  O  to  S  upon  the  S—O  a  bond.  This  property  will  be  used  as 
a  diagnostic  factor  in  determining  the  various  molecular  interactions  the  S0C12  molecule 
undergoes  in  its  changing  environment.  The  S-0  stretching  vibration  is  very  sensitive  to 
changes  in  the  charge  distribution  within  the  SOCl2  molecule  and,  in  addition,  is  not 
obstructed  by  other  bands.  The  sensitivity  of  this  vibrational  mode  is  illustrated  by  studying 
the  effect  of  temperature.  As  seen  in  Fig.  1,  the  S-0  vibrational  band  of  S0C12  recorded  at 
25°C  is  composed  of  two  Voigt  profiles  at  1246.6  and  1230.5  cm-1  while  the  same  band  at 
-20UC  consists  of  three  profiles  with  the  third  profile  at  1221.5  cm-1.  These  observations 
suggest  that  neat  SOCi2  is  a  weakly  associated  liquid  which,  in  turn,  implies  that  the  SOCK 
molecule  is  amphoteric,  /.  e..  it  acts  simultaneously  as  a  donor  and  an  acceptor,  Eq.  (I) 

n  SOCl2  -  (SOCIj)*  n  =  2,3,...  (I) 

In  principle,  (SOCIJ,,  with  n>2  may  associate  in  two  ways:  via  sulfur  to  oxygen  bonding 
in  either  a  cyclic  form,  for  n=2,  or  an  open-  chain  form,  for  n>2.  Dilution  experiments,  sup¬ 
ported  by  MO  calculations,  indicate  the  presence  of  dimers  with  the  open-  chain  spatial 
structure(lO).  The  lone  pair  of  electrons  of  the  sulfurs  are  directed  away  from  one  another 
which,  in  turn,  implies  that  the  repulsion  between  the  lone  pair  of  electrons  on  the  sulfur 
atom  is  chiefly  responsible  for  the  molecular  structure  of  the  dimers.  At  lower  temperatures, 
dimers  associate  further  to  form  higher  molecular  aggregates  of  SOCk 
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The  S0C12-A12C16  system.  With  the  addition  of  AUG&  a  covalent  compound  containing 
halogen  bridges,  a  new  set  of  Raman  vibrations  appears.  The  progressive  changes  in  the 
Raman  spectra  are  shown  in  Fig.  2.  In  addition  to  bands  at  1108,  523,  383,  217,  167  and 
114  cm-1,  a  band  at  ca  1055  cm-1  emerges  and  gains  intensity  with  increasing  A1C13  con¬ 
centration.  It  is  noteworthy  that  the  appearence  of  this  band  is  accompanied  by  an  increase 
in  solution  conductivity(8). 

An  examination  of  the  1000  -  1300  cm-1  spectral  region  suggests  the  formation  of,  at 
least,  two  distinct  species.  The  first  species,  exhibiting  a  peak  at  1108  cm-1  has  been  attri¬ 
buted  to  the  1  :  1  adduct,  C13A1«— OSCU  The  identification  of  the  species  characterized  by 
the  broad  bona  at  1055  cm-1  is  less  certain.  For  example,  the  broadness  of  this  peak  and  the 
shift  to  lower  frequency  could  indicate  the  formation  of  a  2  :  1  complex,  (Cl3Al)2*-OSCl2. 
But  molecular  adducts  are  neutral  molecules;  thus,  the  observed  increase  in  the  solution 
conductivity  upon  addition  of  A1C13  requires  the  formation  of  ionic  species.  The  formation 
of  ions  from  the  1:1  adduct  can  occur  in  two  ways:  (i)  via  the  halide  transfer,  Eq.  (II) 

G3A1«-0SG2  -  A1C!4-  +  SOCl+  (II) 


or  ( ii )  via  the  internal  exchange  route,  Eq.  (Ill) 

2  Cl3Al«-OSG2  -  [Cl2Al(-OSCl2)2]+  +  A1Q4-  (III) 

No  spectroscopic  evidence  has  been  presented  for  the  positively  charged  S0C1+  species, 
as  required  by  Eq.  (II)  and  suggested  by  others(l  1).  On  the  other  hand,  the  evidence  for  the 
existance  of  the  onium  ion  is  quite  convincing(lO).  Furthermore,  the  results  of  MO  calcula¬ 
tions  of  relative  stabilities  of  the  mono-  and  di-solvated  onium  ion  favor  the  latter  as  the 
dominant  species  responsible  for  the  increase  in  the  solution  conductivity. 

The  SOCl2-AlCl3-LiCl  system.  The  addition  of  LiC!  to  the  binary  S0C12  -  A1C!3  system 
results  in  the  destruction  of  the  CloSO— AICI3  adduct,  Eq.  (IV) 

n  SOCl2  +  CNSO-A1C1,  +  LiCl  -  (n-1)  S0C12  +  [Li(-OSCl2)2]+  +  AIC14"  (IV) 

In  particular,  for  n  =  1,  i.e.  ,  for  the  1:1:2  molar  ratio  of  LiG  :  A1C13  :  SOG*  no  free 
S0C12  should  be  present.  Accordingly,  as  illustrated  in  Fig.  3,  the  spectral  bands  associated 
with  the  G^SO— A1C13  complex  disappear  and  those  characteristic  of  A1C14~  and  solvated 
Li+  ion  are  present.  Also,  absent  is  the  1055  cm-1  peak  due  to  the  onium  ion,  as  required  bv 
Eq.  (III). 

Computer  generated  structures  and  the  strength  of  S  -  O  bond.  Computer  optimized  struc¬ 
tures  of  SOCl2-  bearing  species  are  shown  in  Fig.  4.  These  calculations  suggest  only  slight 
structural  changes  upon  complexation  of  S0C12  with  itself ,  Fig.  4a.  or  A1C13,  Fig.  4b.  Signi¬ 
ficant  changes  do  occur  when  forming  the  onium  ion,  Fig.  4c,  where  each  of  the  compiexed 
S0C12  molecules  is  affected  differently.  Also,  of  interest  is  to  note  that,  except  for  the  S-0 
stretch,  the  vibrational  modes  of  Li+  compiexed  S0C12  occur  at  higher  frequencies  than 
those  in  neat  S0C1;(12),  which  is  consistent  with  complexation  through  the  oxygen  atom  of 
S0C12  (11,12).  Although  calculations  reproduce  the  structures  of  SOG*  A1Q3  and  A1G4“ 
within  5  %  on  all  bonds  and  angles,  they  probably  are  not  accurate  enough  for  unequivo¬ 
cally  establishing  the  structure  of  complexes  and  related  properties,  nevertheless  the  com¬ 
parison  among  the  various  species  is,  most  likely,  valid. 

Structural  changes  can  be  summarized  as  follows:  SOG2  in  the  liquid  state,  forms  open- 
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chain  dimers  and/or  oligomers  having  a  zig-zag  structure.  The  dissolution  of  A12C16  occurs 
dissociatively  with  the  formation  of  adducts  which,  at  higher  concentration,  yields  onium 
ions  and  AIC14~.  The  addition  of  LiCl  causes  the  destruction  of  QaAl^-OSC^  with  the  for¬ 
mation  of  solvated  Li"1-.  By  comparing  the  frequencies  of  the  S-0  stretching  vibration  of  the 
various  species,  the  strength  of  the  S-0  bond  of  the  interacting  SOCl2  molecule  can  be 
arranged  in  the  following  order  of  diminishing  strength:  Cl^SO  >  (Cl^O),,  with  n  >  2  > 
Li(— 0SC12)3+  >  C13A1— OSCU  >  [C12A1(<— OSCl^-1".  Spectral  data,  results  of  MO  calcula¬ 
tions  and  measurements  of  transport  properties  are  in  agreement 


Elementary  processes  and  the  reaction  path 

Since  the  structural  features  of  the  electrolyte  phase  are  concentration  dependent,  it  fol¬ 
lows  that  they  will  change  in  the  course  of  the  cell  discharge.  Consequently,  the  form  of  the 
current/potential  relationship  is  expected  to  change.  This  conjecture  is  further  supported  by 
the  observed  change  in  the  strength  of  the  S-0  bond  of  the  various  species  which,  in  turn, 
depends  on  the  composition  of  the  bulk  and  the  nature  of  the  electrode/electrolyte  inter¬ 
phase. 

Electrode/electrolyte  interphase.  An  interphase  is  a  region  formed  whenever,  at  least,  two 
immiscible  phases  are  placed  in  contact  with  each  other,  e.g.  ,  whenever  an  electrode  is 
immersed  in  an  electrolyte.  This  region,  whether  in  equilibrium  or  not,  influences  the 
charge  transfer  process.  During  the  charge  transfer  process  the  interphase  consists  of  a 
series  of  layers,  each  associated  with  a  participating  elementary  process.  In  this  representa¬ 
tion,  the  interphase  region  is  an  open  system  in  which  a  number  of  consecutive  processes 
takes  place.  A  typical  set  of  events  is  as  follows:  reactant  molecules  are  brought  from  the 
bulk,  b,  to  the  electrode  surface,  s,  by  diffusion,  d,  followed  by  adsorption,  a,  and,  after  the 
charge  transfer,  products  are  returned  back  to  the  bulk. 

The  interphase  region  of  the  A1C13-S0C12  system  was  examined  by  in  situ  IR-  reflec¬ 
tance  spectroscopy.  Tnis  examination  revealed  preferrential  adsorption  of  onium  ions  on  the 
electrode  surface  and  a  region  of  enrichment  of  both  onium  ions  and  the  1  :  1  complex  in 
contact  with  the  adsorption  layer  and  the  bulk,  Fig.  5.  This,  rather  significant  enhancement 
in  the  concentration  of  onium  ions  in  the  vicinity  of  the  electrode  surface  is  observed  both 
at  rest  potential  and  while  cathodically  polarized.  Evidently,  at  low  overpotentials  the  major 
event  is  the  potential  dependent  shift  in  equilibria  between  the  S0C12  -bearing  species 
occurring  within  the  confines  of  the  interphase  region.  With  a  further  increase  in  overpoten¬ 
tial.  cf.  Fig.  6,new  peaks  appear,  viz.  at  1331  and  ca  1150  cm-1  due  to  the  formation  of 
S02  and  at  1 190  and  1170  cm'1  asigned  to,  as  yet,  unidentified  product(s)  containing  S-0 
bond(s).  Concurrently,  there  is  a  loss  in  the  concentration  of  free  and  complexed  SOCU  It  is 
not  clear  whether  these  species  are  simultaneously  reduced  or  if  only  one  species  partici¬ 
pates  in  the  charge  transfer  process.  This  ambiguity  cannot  be  resolved  by  kinetic  argu¬ 
ments  alone;  however  the  MO  calculations  favor  the  discharge  from  the  adsorbed  onium 
ion. 

Shape  of  voltammograms.  A  typical  voitammogram  for  the  SOCl2  -  A1C13  system  is  shown  in 
Fig.  7.  The  characteristic  feature  of  the  reductive  scan  is  the  appearance  of  current  plateaus, 
with  the  first  jA,  extending  over  a  considerable  range  of  overpotentials,  followed  by  a  nar¬ 
row,  second  plateau,  j&  The  development  of  such  plateaus  suggests  coupling  of  chemical 
reaction(s)  to  the  charge  transfer  process.  The  occurrence  of  current  plateaus  and,  in  gen¬ 
eral,  the  shape  of  the  voltammograms  can  be  explained  by  the  consideration  of  a  reaction 
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zone,  sandwiched  between  the  adsorption  and  diffusion  layers,  under  the  added  stipulation 
that  the  interphase  region  operates  as  an  open  system(9). 

The  shape  of  the  voltammograms  as  a  function  of  scan  rate,  A1Q3  concentration  and  the 
scan  reversal  potential  13)  is  consistent  with  the  reaction  path,  Eqs.  (V)  and  (VI) 

A2+  +  e-  -  Pi(a);  U  a,  E,0  (V) 

PXW  +  e"  —  P2(a)  ;  k+«k_a,  E2°  (VI) 

Thus,  the  reduction  of  S0C12  in  the  A1C13  -  SOCI2  electrolyte  occurs  via  the  two-electron 
transfer,  of  which  the  first  is  irreversible  while  the  second  is  quasi-reversible  with  k+«k_ 
and  E2°  more  positive  than  Ej0.  Furthermore,  as  illustrated  in  Fig.  8,  adsorption  processes 
play  a  key  role  in  the  reaction  mechanism  giving  rise  to  mild  auto-catalytic  effects.  Also, 
diffusional  processes  modify  the  adsorption  characteristics.  It  is  noteworthy  that  both  P^aJ 
and  P2^  species  are  stable  in  the  adsorbed  state  but  not  in  the  environment  of  the  adjacent 
layers  where  they  undergo  chemical  reaction(s)  creating  the  reaction  layer,  r,  and  yielding 
Cl-,  elemental  sulfur  and  SO-.  Figure  8  illustrates  the  structure  of  the  interphase  and  sum¬ 
marizes  the  process  of  electroreduction  of  the  S0C12-A1C!3  systenuwhere  symbols  Aq,  Al 
and  A2-  are  substituted  for  neat  SOC1-,  the  1:1  complex  and  the  onium  ion,  respectively.  At 
rest  potential,  j=0,  the  interphase  is  at  equilibrium,  [  /.  e.  ,  the  question  of  reversibility  of 
the  open  circuit  potential(9)  is  disregarded,  since  it  cannot  be  confirmed  by  IR-  reflectance 
spectroscopy(lO)]  and  consists  of  two  layers:  an  adsorption  and  enrichment  layers  in  contact 
with  the  bulk  electrolyte,  identified  by  superscripts  a,  i  and  b,  respectively.  The  structure 
of  the  polarized  interphase  is  more  complex.  As  illustrated  in  Fig.  8b,  we  find  two  addi¬ 
tional  layers:  the  reaction  layer,  r,  sandwiched  between  the  enrichment  and  the  adsorption 
layer  and  the  diffusion  layer. 

Effects  of  LiCl  addition.  The  addition  of  LiCl  to  the  electrolyte  phase  is  expected  to  modify 
the  j=f(E)  relationship  for,  at  least,  two  reasons:  first,  the  presence  of  Li+  tends  to  change 
the  structure  of  electrolyte  thus  affecting  the  characteristic  features  of  the 
electrode/electrolyte  interphase  both,  initially  and  in  the  course  of  the  charge  transfer  pro¬ 
cess.  These  changes  include  the  displacement  cf  S0C12  molecules  by  SO-  to  yield 
LifOSCl-.SOJ-  and  Li(S02)3R14).  Second,  because  there  is  a  substantial  increase  in  the 
electrical  conductance  which,  notci  bene,  is  also  the  result  of  structural  changes  of  the  elec¬ 
trolyte  phase. 

The  effect  of  LiCl  addition  on  the  shape  of  voitammograms  is  illustrated  in  Figs.  10  and 
1  L  In  particular.  Fig.  10  shows  the  effect  of  LiCl  concentration  on  the  shape  of  the  reduc¬ 
tive  and  oxidative  parts  of  the  voltammogram  while  Fig.  1 1  illustrates  the  effect  of  changina 
the  scan  rate.  A  cursory  examination  of  Fig.  10  shows  that  the  presence  of  Li+,  even  at 
small  concentrations,  has  a  profound  effect  on  the  magnitude  of  the  charge  transfer  current 
density  except  at  very  low  overpotentiais.  Of  interest  is  the  fact,  however,  that  no  change  in 
the  shape  of  voltammograms  has  occurred  which  means  that  the  participating  events  are 
likely  the  same  but  their  rate(s)  is  (  are  )  accelerated. 

Examination  of  the  Pt/SOCL-AlCK-LiCl  interphase  by  IR-  reflectance  spectrosopy 
offered  some  insight  into  the  compositional  changes  associated  with  the  prsence  of  Li+.  In 
particular,  as  illustrated  in  Fig.  12,  a  new  peak  due  to  Lif—OSCL)-- appears.  Unfortunately, 
the  S-0  stretching  frequency  of  the  S0C12  complexed  with  Li*  obscurs  peaks  at  1171  and 
1 195  cm-1  observed  upon  cathodic  polarization.  Consequently,  it  is  not  possible  to  assess 
the  degree  of  interaction,  if  any,  between  products  Pj  and/or  P2  and  Li+  -  bearing  species. 
On  the  positive  side,  the  IR-  reflectance  spectroscopy  supports  an  earlier  suggestion 
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concerning  the  reduction  of  complexed  S0C12  in  successive  order  with  that  completed  to 
Li+ occurring  at  the  highest  overpotentials. 


Concluding  Remarks 

The  studies  on  the  mechanism  of  S0C12  electroreduction  are  not  yet  completed. 
Nevertheless  a  somewhat  clearer  picture  has  emerged  that  provides  a  better  insight  into  the 
nature  and  complexity  of  events  occurring  within  the  confines  of  a  discharging  cell.  In  clos¬ 
ing,  we  address  the  importance  of  the  structure  and  composition  of  the  electrode/electrolyte 
interphase. 

The  results  clearly  indicate  that  S0C12  is  a  reactive  molecule.  In  the  liquid  state  S0C12 
forms  dimers  and  higher  molecular  aggregates.  It  also  forms  both  neutral  complexes  as  well 
as  ionic  species  arising  from  an  internal  exchange  reaction  with  A1C13,  Eq.(III),  and 
interacts  with  Liu  Thus,  a  practical  electrolyte  is  characterized  by  a  complex  set  of  equili¬ 
bria  in  which  the  degree  of  interaction  varies,  as  evidenced  by  the  strength  of  the  S-0 
bond.  Consequently,  the  electroreduction  most  likely  involves  a  set  of  complex  consecutive 
events. 

Tne  difference  in  the  energy  states  of  SOCi2  molecules  in  the  SOCl2  -  complexes,  e.  g.  , 
A,,  A2~  Li(— 0SC12)2T  etc.,  suggests  the  potential  dependent  sequence  of  the  charge 
transfer.  Ln  acidic  solutions,  the  S0C12  in  A2+  is  reduced  first  while  the  reduction  of 
Li(" — OSCIJT  occurs  at  overpotentials  in  excess  of  1  V.  Tne  composition  and  structure  of 
the  interphase  changes  with  the  passage  of  current:  the  reacting  species  are  used-up  thereby 
shifting  the  chemical  equilibria  to  produce  more  of  the  electroactive  species.  Furthermore, 
the  reaction  products  modify  the  interphase  ,  i.  e.  ,  Cl~  reacts  with  the  1  :  1  complex  to 
form  AlClr  and  $02  displaces  S0C12  in  the  Li  -  complex  to  yield  LiCOSCl^SOJ"  -  species. 
As  a  result,  there  is  a  complicated  coupling  between  the  charge  transfer  process  and  the 
chemical  equilibria. 

Tne  effect  of  concentration  and  scan  rate  on  the  shape  of  voltammograms  further  illus¬ 
trates  the  interplay  between  the  processes  at  the  electrode  surface  with  those  within  the 
interphase  and  the  bulk.  Thus,  the  importance  of  the  interphase  region  cannot  be  overem¬ 
phasized  and  the  interplay  between  the  various  processes  cannot  be  ignored. 
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Fig.  1.  Decomposition  of  S-0  stretching  band  of  neat  SQClo  into  Voigt 
profiles:  A  at  23.5°C;  B  at  -2Q°C. 
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Fig.  2.  Evolution  of  Raman  spectra  as  a  function  of  concentration 

(mol  l-i).  1:1  complex  at  1108  cm"1  and  onium  ion  at  1055  cm' 
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Fig.  3.  Raman  soectra  of  L i C i-AlCl ~-S0C1o  svsoern: 

a.  3.0  M  A1 Cl 3  in  S0C1 2  J 

b,  c,  and  d.  3.0  M  AlCi^  +  x  M  Li  Cl  in  SCClp,  with  x 

2.0  and  3.0,  resoectivel v.  d 


Fig.  4.  Computer  generated  structures: 

a.  dimer,  (S0Cl2)2 

b.  1:1  complex,  CUAl-OSC^ 

c.  1:2  complex  ion,  IT^OSCI?]?4' 

d.  onium  ion,  [Cl ^Al (-0SC1 ^ 


ig.  5.  The  950  -  1150  cm  *  IR-spectral  region  decomposed  into  Voigt 
profiles  (electrolyte  =  4.0  M  A1CK  in  SOC 1  ^ ) : 

a.  trasmittance  spectrum  “ 

b.  reflectance  spectrum  from  Au  electrode 

c.  reflectance  spectrum  from  Pt  electrode 
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Fig.  8.  Structure  of,  and  processes  within,  the  Pt/SOCU-AlCU 
interphase:  upper  for  j  =  0;  lower  for  j  <  0. 
a-adsorption  layer;  b-bulk  phase;  d-diffusion  (transport) 
layer;  i -enrichment  layer;  r- reaction  layer;  A  -  neat  SOCK; 
A1  -  1:1  complex;  A^  -  on i urn  ion.  0  ^ 
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Fig.  9.  Effect  of  reductive  scan  rate  on  the  composition/adsorption 
features  of  the  interphase  illustrated  by  an  oxidative  scan. 
a'  vred  =  ^  s  »  b.  v  ,  =  100  mV  s'l;  oxidative  scan 
rate  -  indicated;  Electrolyte  -  3.0  MA1C1,  in  S0C1„. 


ELECTRIC  PROPULSION:  SELECTION  OF  A  POWER  SOURCE 
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Abstract 

Methods  and  considerations  relevant  to  selection  of  power 
sources  for  use  in  electric  propulsion  systems  are  discussed.  Elec¬ 
trochemical  power  sources  are  assessed  generically  with  respect 
to  both  thermodynamic  and  kinetic  considerations.  A  brief  com¬ 
parison  is  also  made  with  thermochemical  energy  conversion, 
showing  that  energy  desities  of  these  two  competing  approaches 
to  propulsion  are  quite  comparable.  As  functional  requirements 
and  constraints  are  imposed  on  the  power  source  and  electrical 
propulsion  system  for,  say,  small  undersea  vehicles  such  as  tor- 
pedos,  the  advantages/disadvantages  of  any  particular  system 
become  much  more  difficult  to  ascertain.  However,  it  is  clear 
that  static  chemical  systems  are  more  easily  evaluated 'than  flow¬ 
ing  and  it  is  observed  that  there  are  no  "free  of  charge '  features. 


Introductory  remarks 

For  many  years,  the  merits  of  thermal  vs  electric  power 
sources  for  propulsion  of  underwater  weapon  systems  have  been 
debated.  In  spite  of,  at  times,  spirited  discussions,  the  matter  has 
not  been  resolved.  It  is  not  our  purpose  to  generate  more  argu¬ 
ments  for  or  against  one  or  the  other  of  the  propulsion  concepts. 
Rather,  we  arbitrarily  selected  for  discussion  an  electric  propul¬ 
sion  system  and  intend  to  focus  on  methods  leading  to  a  rational 
selection  of  the  most  appropriate  power  source  from  among  the 
many  electrochemical  systems  that  are  capable  of  meeting  the 
mission  requirements. 

A  general  form  of  an  expression  for  the  energy-to-wqrk 
conversion,  E  — *  W,  is  Eq.  ( I ) 

SE  =  P6K  (1) 

where  the  energy  gain/loss,  4  E,  equals  the  quantity  transported, 
4  K,  multiplied  by  the  corresponding  potential,  P.  The  quanti¬ 
ties  associated  with  the  energetic  process  that  are  transported, 
are:  volume,  V,  entropy,  5,  electric  charge,  q,  and  the  amount 
of  chemical  substance,  n.  The  corresponding  potentials  are, 
respectively:  negative  pressure,  —  p,  temperature,  T,  electric 
potential,  $,  and  chemical  potential,  In  addition,  Eq.  (I) 
defines  a  system  where  the  energy  conversion  is  localized. 

The  selection  process  implies  a  comparison.  For  comparison  of 
power  sources  to  be  meaningful,  it  must  start  from  the  same  form 
of  energy  and  terminate  with  the  same  useable  form.  The  starting 
form  is  invariably  the  chemical  energy  stored  in  the  reactants 
and  the  useable  form  is  the  torque  needed  to  turn  the  propeller. 
In  thermal  power  sources,  the  chemical  energy,  -AH,  is  con¬ 
verted  into  the  torque  by  the  following  set  of  events,  Eq.  (I) 

-AH  — ►  Q,  — *  W[pV)  -*  Torque  (l) 


The  intermediate  step,  W[pV),  is  necessary  because  the  direct 
conversion  of  heat  to  another  form  is  impossible.  The  inefficient 
step  is  the  Q,  —*  W[pV)  conversion  because  thermal  energy 
can  only  be  utilized  through  its  transfer  to  an  auxiliary  system 
which,  in  turn,  is  capable  of  delivering  work,  e.g.,  mechanical 
compression  of  a  stored  gas  from  which  heat  is  rejected  at  lower 
temperature.  The  corresponding  set  of  events  for  a  direct  conver¬ 
sion  is  as  follows,  Eq  (II) 

—  AH  — *  q  $  — *  Torque  (II) 

The  omission  of  the  Qt  term  enormously  improves  the  conver¬ 
sion  efficiency.  Physically,  the  Q,  —  term  represents  a  chaotic 
motion  of  molecules  while  the  (q$)—  term  is  the  work  done  by 
an  orderly  flow  of  electrons  in  an  external  circuit.  In  electro¬ 
chemical  systems,  apart  from  parasitic  reactions  taking  place  in 
the  cell  interior,  the  chaos  of  chemical  reaction  occurs  at  well 
defined  positions  within  the  reaction  space,  s.e.,  at  the  electrode 
surfaces.  In  particular,  the  negative  electrode  is  an  electron 
source  while  the  positive  electrode  functions  as  an  electron  sink 
thereby  causing  the  flow  of  electrons  in  an  external  circuit 
without  any  additional  ordering  process. 

An  item  of  interest:  The  first  electrochemical  energy  conver¬ 
sion  device,  a  Ht  —  02  fuel  cell,  was  constructed  in  1839.  The 
enormous  gain  in  the  efficiency  of  the  direct  conversion  was,  of 
course,  recognized  and,  at  the  turn  of  century.  Ostwald  advo¬ 
cated  the  use  of  the  conversion  via  electrochemical  processes. 
Although  sound  advice  and  given  with  authority  (after  all, 
Ostwald  was  a  leading  scientist  of  that  period),  no  real  progress 
has  been  made  until  ca  1950,  because  of  the  lack  of  understand¬ 
ing  of  the  electron  transfer  process  f1' 


Battery  rs  reciprocating  engine 

One  of  the  criteria  to  select  a  power  source  is  to  assure  the 
power  output  for  the  required  time  of  operation.  As  shown  in 
Fig.  1,  for  missions  of  short  duration  reciprocating  engines 
deliver  substantially  more  power  than  batteries.  However,  the 
difference  in  power  output  between  the  reciprocating  engines 
and  batteries  diminishes  with  increasing  delivery  period,  becom¬ 
ing  insignificant  at  ca  30  minutes.  Figure  I  also  indicates  that 
for  longer  missions  cryogenic  engines  are  capable  of  delivering 
more  power  than  batteries.  Unfortunately,  their  size  and  refri¬ 
geration  requirements  preclude  them  fr-  irthcr  considerations, 
at  least,  in  the  context  of  the  preset  ,  communication.  The 
remainder  of  this  presentation  will  discuss  the  selection  in  gen¬ 
eral  terms  rather  than  any  particular  system.  Following  this,  how¬ 
ever,  the  various  electrochemical  systems  will  be  compared.  We 
will  also  present  arguments  that  for,  e.g.  ,  torpedo  propulsion, 
batteries  appear  to  be  not  only  acceptable,  but  preferable  power 
sources,  especially  when  other  operational  requirements,  e.g., 
noise  level,  are  taken  into  consideration. 
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Fig.  1  •  Power  vs  mission  duration:  a  rough  guide  to  system 
selection 


Selling  a  program  -  Facts  vs  Fiction 

U  is  customary  to  use  charts,  diagrams  and  tables  to  promote 
the  selection  of  a  particular  system  as  the  best  suited  and/or  most 
appropriate  for  a  given  mission.  For  the  case  of  electric  propul¬ 
sion,  one  often  hears  statements  such  as:  system  A  has  the  highest 
energy  density  yet  reduced  to  practice,  system  B  makes  its  own 
electrolyte,  system  C  is  the  safest  or  least  expensive,  etc.  In  most 
cases  such  statements  are  correct  but,  are  they  relevant?  Obvi¬ 
ously,  claims  concerning  the  power/energy  density  can  only  be 
supported  after  construction  and  demonstration  of  a  power 
source.  The  advantage  provided  by  'making  its  own  electrolyte' 
must  be  examined  in  terms  of  additional  control  devices  needed 
to  maintain  the  electrolyte  composition  within  the  acceptable 
range.  Finally,  the  safe  use  of  any  energy  dense  system  requires 
an  understanding  of  the  triggering  mechanism  that  leads  to  an 
uncontrolled  release  of  the  stored  energy. 

In  what  follows,  we  attempt  to  separate  facts  from  Fiction,  real¬ 
ity  from  imagination,  and  construct  a  set  of  arguments  for  an 
unbiased  selection  of  an  electric  system  through  the  use  of  ther¬ 
modynamic  criteria,  kinetic  considerations,  as  well  as  engineer¬ 
ing  reasoning,  where  the  penalties  for  'free  of  charge  features' 
are  addressed. 


Thermodynamic  criteria 

A  primary  battery  converts  chemical  energy,  stored  in  the  reac¬ 
tants,  into  electrical.  A  spontaneous  production  of  electricity  is 
initiated  by  the  removal  of  constraints  imposed  upon  the  system. 
In  this  sense,  a  primary  battery  is  a  driving  system  where  the 
thermodynamic  potential  is  the  active  force  and  the  external  load 
is  the  independent  variable.  Thermodynamic  functions  give  the 
measure  of  the  energy  avilable  from  the  system,  viz.  the 
enthalpy  of  the  reaction,  A  H ,  which  is  the  total  energy 
released,  and  the  Gibbs’  free  energy  of  reaction,  A  C,  which 
represents  the  maximum  amount  of  energy  that  can  be  converted 
to  electrical  energy.  They  are  related  by  Eq.  (2) 

AG  —  AH  -  TAS  (2) 


In  summary,  thermodynamics,  via  Eq.  (2),  provides  information 
on  the  extractable  energy  content  and  such  cell  properties  as  the 
open  cell  potential,  V„,  and  the  so-called  thermoneutral  poten¬ 
tial,  Vt.  The  V0  of  a  galvanic  cell  is  a  potential  measured 
Se tween  positive  and  negative  battery  terminals  under  the  condi¬ 
tion  of  no  current  flow,  i.e.,  Va  —  .  It  is 

always  a  positive  quantity  and  depends,  as  indicated  by  Eq.  (3), 
only  on  the  system  chemistry  and  not  on  the  physical  size  or 
shape  of  a  cell. 


V. 


A  G 
nF 


(3) 


The  other  quantity  of  interest  in  the  battery  technology  is  the 
thermoneutral  potential,  Vt,  Eq.  (4). 


A  H 
nF 


(4) 


This  quantity,  also  independent  of  the  physical  size  or  shape  of 
the  device,  provides  a  basis  for  calculating  the  efficiencies  of  a 
discharging  cell.  The  quoted  energy  contents  are  either  calcu¬ 
lated  or  obtained  under  near  zero  discharge  current  conditions 
and  expressed  as  specific  energy  density,  Wh/kg  or  Whj dm 3, 
in  terms  of  equivalent  weight  or  volume,  kg  /equiv.  or 
dm  3 /equiv. ,  respectively.  They  can  be  calculated  provided  that 
stoichiometry  of  reaction  is  known.  The  appropriate  expressions 
are:  —  AG/Dtu  and  —  AG/£u,  where  Du>  and  Du,  denote 
the  sum  of  weights  and  volume  of  reactants  involved  in  the 
overall  process  of  battery  discharge.  If  the  stoichiometry  is  not 
known,  the  energy  content  argument  based  on  the  energy  density 
should  not  be  used. 


Pourbaix  diagrams 

A  convenient  overview  of  advantages  and  disadvantages  of  a 
galvanic  cell,  especially  that  using  an  aqueous  electrolyte  can  be 
obtained  by  an  examination  of  respective  Pourbaix  diagrams 
(l.a)  n,ese  diagrams  provide  a  summary  of  thermodynamic  data 
on  conditions  assuring  the  stability  of  a  metal  and  its 
oxides/hydroxides  as  a  function  of  the  pH  value  of  solution 
(composition  of  solution).  Three  examples  of  Pourbaix  diagrams 
are  provided  in  Figs.  2a,  b  and  c;  they  illustrate  the  stability  of 
water  and  aqueous  electrolytes,  Fig.  2a.  as  well  as  the  Al  — ,  and 
Ag—  potential/  pH  relationships,  in  a  somewhat  simplified 
form.  Figs.  2  b  and  c,  respectively. 


Fig.  2  -  Pourbaix  diagrams 


a  -  stability  of  water  and  aqueous  electrolytes 
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b  -  the  Al/H20  syystem 


*^c  pH  l  E  diagram.  Fig.  2a,  illustrates  conditions  governing 
the  thermodynamic  stability  of  water  and  aqueous  solutions  at  1 
atm.  pressure.  Aqueous  solutions  are  stable  within  the  potential 
region,  Eq.  (5) 

1.228  -  0.0591  pH  <  E  <  -0.0591  pH  (5) 

with  potentials,  in  volts,  measured  us  the  standard  hydrogen 
reference  electrode.  At  potentials  E  >  1.228  —  0.0591p£f 
water  decomposes  with  oxygen  evolution  (oxidizing  condition) 
while  at  E  <  —0.0591 pH  it  evolves  hydrogen  (reducing  con¬ 
dition).  The  pH  value  denotes  the  acidity  or  alkalinity  of  solu¬ 
tions;  pH  <7.0  for  the  former,  and  pH  >7.0  for  the  latter. 

In  the  second  example.  Fig.  2b,  the  stability  conditions  for  the 
system  Al  /  H20  are  displayed.  Here,  four  regions  can  be  iden¬ 
tified:  the  region  of  immunity,  i.e.,  the  region  where  Al  will  not 
corrode,  provided  that  cathodic  polarization  is  maintained;  the 
region  of  passivation,  where  the  electrode  surface  is  covered 
with  oxides  (hydroxides);  and  the  regions  of  corrosion  activities 
in  an  acid  medium  and  in  an  alkaline  solution.  Of  practical 
interest  is  the  region  13.0  <  pH  <  16.0.  Typically,  this  region 
represents  the  alkalinity  of  electrolytes  used  in  AljAgO  and 
other  alkaline  batteries.  If  not  cathodically  polarized,  the  Al 
electrode  immersed  in  such  electrolytes  will  corrode  with  the 
evolution  of  hydrogen.  Obviously,  the  deleterious  effects  of 
hydrogen  evolution  with  regard  to  safety  cannot  be  overlooked. 
Furthermore,  corrosion  is  a  parasitic  process  which  substantially 


affects  tl.e  conversion  efficiency.  The  resulting  potential  will  be 
found  somewhere  between  -2.4  and  -1.2  V  vs  the  hydrogen 
reference  electrode,  depending  on  specific  circumstances. 

The  thermodynamic  stabilty  of  the  Ag  / H10  system  is  illus¬ 
trated  in  Fig  2c.  As  in  the  Al/H20  system,  here  also  the 
regions  of  immunity,  corrosion  and  passivation  are  delineated. 
The  difference,  however,  is  that  corrosion  of  silver  occurs  within 
the  potential  range  where  water  is  stable,  i.e.,  silver  corrodes 
without  the  evolution  of  hydrogen,  and  the  electrode  passivation 
requires  an  oxidizing  medium,  (  e.g.  ,  anodic  polarization  ). 

The  construction  of  a  Pourbaix  diagram  for  the 
Al / HjO / AgO  cell  cell  is  shown  in  Fig  3.  Conditions  govern¬ 
ing  the  cell  stability  are  obtained  by  superimposing  the  respec¬ 
tive  diagrams  and  matching  their  potential  scales.  A  set  of  con¬ 
clusions  can  be  drawn  immediately,  uiz :  the  Al  —  electrode  will 
corrode  with  the  evolution  of  hydrogen;  the  stability  of  the  AgO 
electrode  should  be  examined  carefully;  the  cell  potential  is  the 
difference  between  the  AgO  /  H20  electrode  and  the  corrosion 
potential  of  the  Al  electrode,  i.e.,  the  cell  potential  is  expected 
to  vary  with  the  electrode  material  and  solution  composition;  the 


Fig.  3  -  Pourbaix  diagram  for  the  Al  /  H  20  /  AgO  cell 


gas  evolution  will  occur  as  a  results  of  water  decomposition 
caused  by  immersed  A/;  and  the  change  in  the  pH  of  the  elec¬ 
trolyte  may  cause  electrode  passivation.  These  observations 
should  alert  both  the  developer  and  the  user  to  seek  information 
on  the  rate  of  these  processes  in  order  to  assess  their  significance 
in  affecting  mission  requirements.  Of  special  interest  is  the 
evolution  of  hydrogen  generated  by  the  parasitic  corrosion  as 
well  as  the  passivation  of  the  electrode  surface.  Note  that  if  Li  is 
substituted  for  Al,  as  in  the  Li / AgO  battery,  the  evolution  of 
hydrogen  is  roughly  six  to  eight  times  higher  thus,  in  practice, 
presenting  serious  problems. 

Kinetic  considerations 

Thermodynamic  considerations  provide  information  on  what  is 
possible  but  not  what  can  be  realized  in  practice.  Convenient  as 
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they  are,  Pourbaix  diagrams  do  not  and  cannot  predict  the 
behavior  of  a  discharging  cell/battery,  because  of  its  dynamic 
character  which  is  illustrated  in  Figs.  4a  and  4b.  In  particular. 
Fig.  4a  shows  a  cross  section  of  an  electrochemical  cell  -  here  the 
Li  j  SO  Cl  j  cell  *  and  lists  the  elementary  processes  while  Fig.  4b 
presents  these  processes  in  terms  of  components  of  an  equivalent 
electric  circuit 


Fig.  4  -  Functional  elements  of  a  galvanic  cell  and  their  represen' 
tation 


LOAD 


b  •  equivalent  electric  circuit  analog 


As  indicated  in  Fig.  4a,  any  galvanic  cell  contains  four  basic 
functional  elements  that,  together  with  the  participating  elemen¬ 
tary  processes,  fully  describe  the  cell  discharge  process,  and  pro¬ 
vide  a  basis  for  comparison  and  selection.  These  four  functional 
elements  are:  the  negative  electrode  which  functions  as  a  seat  for 
the  generation  of  electrons  tha  the  oxidation  reaction;  the  posi¬ 
tive  electrode  where  the  reduction  reaction  consumes  electrons 
generated  at  the  negative;  the  separator  which  prevents  direct 
contact  between  electrodes  ;  and  an  electrolyte  which  permits 
ionic  conductance.  The  elementary  processes  occurring  within 
the  cell  interior,  are:  the  diffusion  of  reactants  toward  the  elec¬ 
trode  surface;  the  adsorption  on  the  electrode  surface;  the  charge 
transfer;  the  desorption  of  reaction  products;  the  diffusion  of 
products  away  from  the  electrode  surface;  the  ion  conduction 
through  an  electrolyte;  and,  to  complete  the  cycle,  the  flow  of 
electrons  in  an  external  circuit  where  the  electrical  work  is 
delivered.  This  set  of  elementary  processes  consumes  energy 
which,  in  turn,  reduces  the  open  circuit  potential,  V„,  to  an 
operating  cell  potential,  V,  i.e.,  the  working  cell  potential  is  the 
open  circuit  potential  less  all  of  the  losses  associated  with  the  cell 
operations. 

A  characteristic  feature  of  a  discharging  cell  is  that  the  ele¬ 
mentary  processes  occur  consecutively.  The  slowest  process, 
known  as  the  rate  determining  step  (rds),  controls  the  overall  rate 
and,  consequently,  is  primarily  responsible  for  the  loss  of  the  cell 
potential.  Kinetic  considerations  deal  with  the  examination  of 
factors  affecting  the  rds  and,  therefore  also,  the  operational  capa¬ 
bilities  of  the  system  under  selection. 

In  the  simplest  approach,  we  write  for  the  rate  of  a  reaction  an 
expression  in  the  form  of  Ohm’s  law,  i.e.  ,  r  =  kX  ,  where  r 
is  the  reaction  rate.  A:  is  the  phenomenological  coefficient,  and 
X  is  the  driving  force.  In  terms  of  an  electric  circuit  analog,  the 
coefficient  k  is  the  resistive  component  and  X  is  the  equivalent 
potential  drop  across  it  associated  with  the  current  flow.  Fig.  4b. 
For  a  set  of  consecutive  reactions  (resistive  elements  in  series), 
the  internal  cell  resistance,  R,,  is,  in  fact,  a  sum  of  individual 
resistances,  Eq.  (6) 

R,  =  R,  +  T.Zi  (6) 

I 

Here,  R,  is  the  resistance  in  the  electrolyte  phase;  It  is  separated 
out  in  Eq.  (6)  because  it  can  be  easily  calculated  from  the  tran¬ 
sport  properties  and  the  physical  conditions  in  the  neighborhood 
of  the  electrode  surface.  The  second  term,  the  electrode 
impedance,  E  denotes  impedances  associated  with  indivi¬ 
dual  elementary  processes  that  take  place  within  the  immediate 
vicinity  of  the  electrode  surface,  defined  as  the 
electrode/electrolyte  interphase.  In  fact,  it  is  this  impedance  that 
is  the  focal  point  and  requires  detailed  analysis  because  of  its 
specificity  and  non-ohmic  character.  Further  complications  arise 
because  these  processes  occur  within  the  confines  of  a  porous 
structure  which  is  always  present  in  practice.  Thus,  instead  of 
Z,  =  const.,  we  have,  for  any  discharging  cell, 
Z,  =  Zt(j ,t)  where  j  is  the  current  and  t  is  time.  The  time 
dependence  enters  through  changes  in  the  physico-chemical  pro¬ 
perties  as  well  as  the  kinetics  associated  with  the  passage  of 
charge  across  the  interphase. 


Power  into  load 

A  factor  of  utmost  importance  for  propulsion  technology  is  the 
power  delivered  to  load,  «.e.,  the  jV-  product  The  potential  of 
a  discharging  cell  can  be  expressed  in  terms  of  the  resistive  load, 
Rt,  alternatively  the  discharge  current,  j,  by  relatively  simple 
formulas,  Eqs.  (7a)  and  (7b),  respectively. 
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n*)  =  v0 


R, 


R •  +  Ri 


(7a) 


VU)  =  V,  -  jR. 


(7b) 


with  the  corresponding  expressions  for  power,  P,  Eqs.  (8a)  and 
(8b) 


P  = 


R,  +  Rt 


(8a) 


p  =  iv o  -  i'R. 


(8b) 


A  graphical  representation  of  the  functional  dependence,  £qs. 
(8a)  and  (8b),  shown  in  Figs.  5a  and  5b,  respectively,  reveal  the 
existence  of  a  power  maximum,  P„.„  when  R,  equals  Rt . 
Specifically,  Fig.  5a  shows  the  efTect  of  load  resistance  on  the 
power  output  while  Fig.  5b  displays  the  effect  of  cell  internal 
resistance.  It  is  seen  that,  as  the  R,  is  increased,  the  cell  power 
output  decreases  and  occurs  at  lower  discharge  currents.  In  prin¬ 
ciple,  either  form  can  be  used  for  further  discussioa  However, 
from  a  practical  point  of  view,  it  is  more  convenient  to  employ 
Eq.  (8b).  This  choice  reflects  the  fact  that  changes  in  the 
physico-chemical  properties  of  the  cell  functional  elements  are 
directly  related  to  the  amount  of  charge  transferred,  Q  ~  jt, 
i.e.,  to  the  discharge  current,  j .  These  changes  arise  from  either 
the  depletion  of  the  electro-active  material  or  the  precipitation  of 
non-conductive  reaction  products.  In  practical  cells  employing 
porous  electrodes,  the  distribution  of  the  charge  transfer  current 
density  is  highly  non-linear.  As  a  consequence,  the  term  £  Z,  is 
usually  a  complex  function  of  time.  The  cell  resistance,  governing 
the  power  output  is  no  longer  constant,  t.e.,  Eq.  (8b)  is  valid 


Fig.  5  -  EfTect  of  load  and  internal  resistance  on  cell  power  out¬ 
put 

a  -  effect  of  load  resistance,  Rt 


b  -  effect  of  ceil  internal  resistance,  R, 


only  within  short  period  of  time.  In  many  instances,  the  func¬ 
tional  dependence  can  be  expressed  analytically  ;*4'5)  for  exam¬ 
ple,  the  rate  of  penetration,  under  condition  of  total  depletion  of 
the  electro-active  material,  is  given  by  Eq.  (9) 

*(0  +  Atan(-M^l)  =  lt/tm  (9) 


where  A  —  (Z  j p)0  6,  indicates  the  degree  of  non-linearity  of  the 
secondary  current  density  distribution,  z  (t)  is  the  time  depen¬ 
dent  position  of  the  advancing  front  within  the  porous  structure 
and  fm  =  Q/j  is  the  cell  lifetime.  The  cell  power  output  is 
accordingly  given  by  Eq.  (10) 


P  =  j[V0-jR,]-j*p 


x  (t)  +  Acoth 


(10) 


where  the  first  term  on  the  right  hand  side  is  the  expression  for  a 
cell  without  porous  electrodes,  Eq.  (8b)  and  the  second  term 
indicates  the  time  dependent  contribution  to  power  loss  associ¬ 
ated  with  the  processes  occurring  within  the  porous  structure  of 
cell  electrodes.  Consequently,  Eq.  (10)  together  with  concepts 
summarized  in  Fig.  4b,  can  be  used  to  argue  the  relative  merits  of 
electrochemical  power  systems  under  consideration. 


Two  sets  of  factors  determine  the  discharge  characteristics  of 
a  porous  electrode:  The  first  set,  collected  in  p,  accounts  for 
those  factors  that  contribute  to  the  ionic  transport  in  the  direc¬ 
tion  normal  to  the  electrode  frontal  surface.  These  factors  are: 
diffusion,  migration  and  convective  flow.  The  second  set, 
denoted  by  Z ,  represents  processes  occurring  within  the 
electrode/electrolyte  interphase.  In  reality,  processes  of  the  first 
set  interact  with  the  processes  of  the  second  set  so  that  a  clear 
distinction  is  not  always  possible.  In  particular,  in  battery 
electrodes,  both  sets  of  parameters  change  in  the  course  of 
charge/discharge,  either  because  of  change  in  the  reaction  path 
or  in  the  electrode  structure.  In  either  case,  the  numerical  value 
of  the  A  —  parameter  is  affected. 
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A  plot  of  cell  power  as  a  function  of  the  discharge  rate  and 
the  A  -  parameter,  Eq.  (10),  is  shown  in  Fig.  6  a  -d  for 
t  Jtm  =  0.1,  0.3,  0.5  and  0.8,  respectively.  It  is  seen  that  the 
ceHpower  is  sensitive  to  this  parameter  within  a  rather  narrow 
range.  In  the  example  considered  here,  to  obtain  t  requires 
that  A  =  0.5.  This  value  indicates  the  need  for  an  open  struc¬ 
ture  with  large  pore  size.  However,  if  lower  power  output  are 
desired,  the  A  —  parameter  should  be  increased. 


Fig.  6  -  Combined  effect  of  charge  transfer  kinetics  and  changes 
in  electrode  porous  structure  on  cell  power  output  at  indicated 
discharge  times 

Evidence  for  the  interplay  between  the  first  and  second  set  of 
events  ,  i.e.  between  the  various  processes,  is  provided  by  the 
plot  at  t  / tm  =  0.3,  Fig.  6b.  Here,  a  significant  increase  in  the 
cell  power  is  observed  at  two  values  of  the  A  -  parameter  which 
indicates  that  conditions  satisfying  maximization  of  cell  power 
can  be  realized. 

Torpedo  propulsion  systems 

Both  volumetric  and  gravimetric  energy  densities  of  competing 
torpedo  propulsion  systems  have  been  reported  by  numerous 
interested  parties.  Two  approaches  have  been  used:  one  based 
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on  weights  of  reactants,  and  one  based  on  a  complete  system. 
The  difficulty  with  any  of  these  approaches  is  that,  in  the  first 
case,  the  hardware  is  ignored  and  in  the  second  case,  projections 
are  made  using  without  factual  information.  To  date,  only  the 
SCEPS  system  provides  data  on  complete  and  operational  system. 
ADSCEPS  and  most,  if  not  all,  electrochemical  power  sources 
are  under  development  and  have  yet  be  reliably  produced  and 
demonstrated. 

Best  estimates  of  energy  densities  of  competing  systems  are 
tabulated  in  TABLE  I.  As  the  energy  densities  of  advanced  ther¬ 
mal  and  electrical  propulsion  systems  are  projected  to  be  approx¬ 
imately  equal,  other  relative  merits  of  these  systems  should  be 
examined.  Of  those  usually  considered,  perhaps  the  most  signifi¬ 
cant  difference  between  SCEPS  and  the  battery  is  in  speed 
change,  which  clearly  favor  the  electric  propulsion.  Other  com¬ 
parisons  one  might  make  include  the  following:  radiated  noise 
characteristics,  which  would  tend  to  favor  battery  systems;  tur¬ 
naround  cost,  which  is  probably  equal;  and  reliability,  which 
currently  favors  SCEPS  but  could  well  favor  electrochemical 
power  sources  after  a  comparable  development  period. 


Table  I :  Comparison  of  propulsion  systems 


System 

efficiency 

utilization 

Wh/kg-  pract. 

l</sf6 

0.21 

0.88 

665 

Adscepa 

0.27 

0.9 

875 

Li /AgO 

0.41 

0.7 

390 

Al/AgO 

0.44 

0.7 

320 

Li /SOClj 

0.77 

0.6 

680 

Concluding  remarks 

In  a  simplest  case  of  a  single  cell  with  flat,  non-porous  elec¬ 
trodes,  the  selection  process  is  straight  forward.  The  use  of 
porous  structures  for  electrode  matrix,  a  common  feature  in  all 
practical  batteries,  introduces  the  first  difficulty  in  the  selection. 
The  series-connected  assembly  of  cells  adds  furthet  difficulties 
due  to  the  generation  of  intercell  currents.  These  additional  diffi¬ 
culties  can  be,  in  principle,  handled  but,  in  practice,  they  are  the 
main  source  of  disagreement  among  proponents  of  particular 
sytems  .'6* 

In  short,  as  added  features  are  required  or  constraints  imposed, 
the  advantages/disadvantages  of  any  particular  system  are  less 
clearly  defined.  Two  comments  that  can  be  made  without  reser¬ 
vation  are  that  there  is  no  'free  of  charge  feature'  and  that  it  is 
easier  to  evaluate  a  chemical  reactor  (static  design)  than  a  chemi¬ 
cal  plant  (flowing  electrolyte  design). 
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Abstract 

Issues  normally  encountered  in  the  transition  from  pure 
through  applied  research  to  construction  of  engineering  models 
(breadboard  models)  are  discussed  in  general  terms.  Emphasis  is 
on  the  interaction  between  technical  personnel  and  organization 
rather  than  administrative  staff.  For  a  vehicle  to  identify  and 
convey  transition  issues,  we  selected  the  Li / SOClj  system 
designed  and  tested  for  discharge  rates  compatible  with  require¬ 
ments  of  the  light  weight  torpedo  propulsion. 

Introductory  remarks 

The  usual  argument  for  the  employment  of  an  electrochemical 
power  source  is  an  efficient  energy  conversion  from  chemical  to 
electrical,  i.e.  ,  a  conversion  free  from  Carnot  limitations.  This 
argument  is  usually  amplified  by  a  set  of  claims,  such  as:  easy 
start-up,  simple  swim-out  procedure,  uncomplicated  speed 
change,  quiet  operation,  etc.  The  opponents  of  electric  propul¬ 
sion  counter  with  statements  concerning  the  "state-of-the-art 'of 
this  technology,  prior  commitments  and  expenditures  and  inevit¬ 
ably,  in  the  case  of  Li  —  systems,  safety  issues,  after  con¬ 
veniently  forgetting  that  any  energy  dense  system  is  potentially 
dangerous  if  triggered  and  allowed  to  proceed  in  an  uncontrolled 
manner.  The  Li /SOClj  system  exhibits  such  significant  advan¬ 
tages  in  energy  density  that  the  key  is  not  to  abandon  it  but 
rather  to  understand  the  operational  limitations  of  this  system 
and  to  determine  triggering  mechanisms  so  that  preventive  meas¬ 
ures  can  be  employed. 

In  principle,  the  decision  to  select  a  class  of  power  sources 
from  among  the  available  ones  should  be  based  solely  on  techni¬ 
cal  merits.  In  reality,  other  factors  arc  often  decisive.  Recently, 
newspaper  articles  provide  ample  evidence  of  procurement 
activities,  some  of  which  may  be  regarded  as  questionable.  Here, 
we  limit  our  discussion  to  problems  associated  with  technical 
issues  confronting  both  the  management  and  engineering  com¬ 
munity  engaged  in  the  process  of  developing  an  electrochemical 
power  source  for  torpedo  propulsion  and  view  it  from  the  per¬ 
spective  of  a  contract  monitor.  Although  the  intent  is  a  general 
presentation,  the  example  used  is  very  specific,  i.e.  the  develop¬ 
ment  of  the  Li  /SOClj  battery. 


Concept  of  transition 

The  period  for  a  typical  R  &  D  project,  from  inception  to  pro¬ 
duction,  is  from  5  to  10  years,  depending  upon  the  maturity  of 
technology  at  the  point  of  initiation,  the  complexity  of  the  system 
and  the  specific  design  requirements.  Present  day  fiscal  con¬ 
straints,  military  considerations  and  international  competition 
place  great  demands  on  scientists  and  engineers  to  accelerate  and 
optimize  development  programs.  Since  the  almost  exponential 
growth  of  funding  of  the  past  decades  has  leveled  off,  much 
greater  effort  must  be  exercised  to  match  opportunities  presented 
by  scientifc  inquiries  with  requirements  of  applications.  One 
way  to  accomplish  this  is  through  a  smooth  transition  from  the 
concepts  of  fundamental  research  to  specific  technology  issues 
and  into  the  construction  of  engineering  models.  To  achieve  such 
a  transition  requires  the  identification  and  solution  of  problems, 
both  technical  and  procedural,  impeding  the  process. 

Transition  is  defined  as  a  passage  from  one  stage  to  another 
and  it  can  be  viewed  as  a  set  of  events  that  can  be  illustrated  by, 
what  is  known  in  chemistry  as,  the  donor-acceptor  concept.  For 
the  transition  to  occur,  ideas  or  results  generated  within  the  con¬ 
text  of  activities  of  one  stage  must  satisfy  the  constraints  imposed 
by  the  next  stage.  The  nature  of  these  constraints  may  vary  from 
case  to  case,  but,  in  general,  they  can  be  reduced  to  human  fac¬ 
tors,  including  management  philosophy  and  technical  considera¬ 
tions.  The  transition  process  is  completed  when  an  equilibrium  is 
reached  whereby  conflicting  interests  are  satisfied.  These 
interests  cannot  be  satisfied  unless  the  issues  are  clearly  defined. 
In  practice,  we  are  confronted  with  reaching  an  equilibrium 
between  requirements,  specifications  and  private  interests. 

Human/organizational  factors 

Factors  affecting  the  transition  are  not  exclusively  of  a  techni¬ 
cal  nature.  The  attitudes  of  individuals  and  the  infrastructure  of 
the  performing  or  supporting  organizations  may  either  facilitate 
or  hinder  the  transition  process.  Individual  attitudes  can  include 
boredom,  zeal  and  proprietary,  as  well  as  genuine,  interest  in 
accelerated  development.  Obviously,  the  latter  is  no  problem  as 
long  as  it  does  not  advance  to  overzealousness.  Boredom  is  often 
encoutered:  Many  researchers  loose  interest  in  a  problem  once  a 
solution  has  been  identified  or  a  feasibility  demonstrated.  In  this 
case,  care  must  be  taken  to  maintain  sufficient  interest  without 
excessive  zeal  which  might  inhibit  the  transition  process  by  pur- 
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suing  technology  beyond  the  point  necessary  Tor  a  smooth  transi¬ 
tion.  The  situation  may  be  further  aggravated  by  the  proverbial 
arrogance  of  which  scientists  are  often  accused.  Obviously,  such 
a  perception  is  counter-productive.  There  is  a  natural  tendency 
for  individuals  and,  collectively,  organizations  to  favor  technolo¬ 
gies  discovered  or  proposed  from  within.  Alternatively,  individu¬ 
als  or  organizations  may  seek  to  pursue  the  development  pro¬ 
duced  from  within,  even  though  others  are  better  equipped  to 
effect  the  transition.  The  merits  of  technological  advancement 
and  professional  judgement  often  surrender  to  misplaced  priori¬ 
ties  and  decisions  made  long  in  the  past  When  evaluating  a  pro¬ 
posal,  one  often  examines  the  organizational  structure.  Fig.  la.  It 
usually  represents  rational  assignments  and  balanced  division  of 
duties,  responsibilities  and  authorities.  On-site  inspection,  how¬ 
ever,  often  reveals  that,  in  the  meantime,  changes  have  occurred 
of  the  type  illustrated  in  Fig.  lb.  Of  course,  proper  organizational 
infrastructure  and  attitude  can  prevent  these  becoming  issues. 


® 


TECHNICAL 


Fig.  I  -  Organizational  infrastructure 
a  -  parallel  (dual)  system  of  responsibilities  and  authorities 
b  -  common  operational  infrastructure  under  'load 'conditions 


Technical  factors 

Before  discussing  the  factors  affecting  the  transition  process, 
we  should  consider  the  scope  of  each  catergory  of  activities. 
Research,  broadly  defined,  includes  investigations  aimed  at 
discovery  and/or  interpretation  of  facts,  revision  of  existing 
theories  in  light  of  hew  facts  and  the  practical  applications  of 
such  facts.  The  dominant  feature  of  pure  research  is  seeking  an 
extension  of  existing  knowledge  for  its  own  sake.  Applied 
research,  on  the  other  hand,  examines  the  use  of  new  theories 
and  observations  for  practical  ends.  Its  prime  interest  is  to  iden¬ 
tify  the  technology  issues  and  propose  their  reduction  to  practice. 
The  transition  process  provides  the  necessary  coupling  even 
though  the  boundary  between  them  is  quite  nebulous.  On  the 
other  hand,  the  boundary  between  applied  research  and  develop¬ 
ment  is,  generally,  better  defined.  In  particular,  the  development 
phase  of  the  transition  process  is  the  conversion  of  technology 
into  a  product  which,  at  minimum,  demonstrates  the  practicabil¬ 
ity  of  the  technology. 
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A  preferred  transition  process  is  illustrated  in  Fig.  2.  A  certain 
observation,  not  necessarily  related  to  the  intent  of  original 
research,  gives  rise  to  a  technologically  important  situation.  To 
exploit  full  potential  of  this  observation,  a  transition  from  6.1  to 
6.2  is  undertaken  and  analyzed.  In  particular,  constraints 
imposed  by  the  6.2  activities  are  examined.  Such  examination 
requires  a  set  of  consultative  interactions.  In  the  same  manner, 
further  transition  activities  are  examined. 


6.1  research 
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Fig-  2  -  Idealized  model  for  transition  activities 
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Fig.  3  -  Transition  activities  for  high  discharge  rate  Li  /SOCl1 
battery 


To  understand  the  consequences  of  this  jump  and  to  illustrate 
the  power  of  rational  transition,  we  examine  Fig.  4  -  a  history  of 
testing  program  The  failure  analysis  is  based  on  data  from 
two  series  of  tests:  the  300  series,  which  was  aimed  at  a  discharge 
of  80  mA  cm"1  for  eight  minutes,  and  the  781  series, 
discharged  at  60  mA  cm'1  for  12.7  minutes.  These  failures  can 
be  grouped  into  three  broad  categories:  failures  that  occurred  (i) 
during  the  manufacturing  cycle,  (ii)  during  battery  discharge,  and 
(iii)  in  performance.  The  first  two  categories  refer  to  modules 
that  failed  to  function  as  a  unit  at  some  point  in  the  electrical  test 
(  t.e.,  during  activation,  discharge  or  depletion  ).  Consequently, 
these  failures  will  not  be  considered  here,  inasmuch  as  they  are 
not  transition  issues  but  rather  the  quality  control  (QC)  require¬ 
ments. 


Propulsion  requirements-an  early  period 

The  Li  /SOClj  system  was  first  disclosed  in  1973  .***  Follow¬ 
ing  that,  considerable  research,  including  applied  research  and 
exploratory  development  led  to  the  transition  of  the  technology 
to  engineering  development  about  1980  and,  somewhat  later,  a 
full  scale  effort  was  authorized.  In  1981,  the  Naval  Sea  Systems 
Command  funded  the  engineering  development  of  the 
Li  /SOClj  —  battery  at  the  Altus  Corp.,  San  Jose,  CA  and  mon¬ 
itored  by  Naval  Ocean  Systems  Center  (  NOSC  ).  The  transition 
problems  and  associated  technology  issues  are  summarized 
against  this  background.  A  word  of  caution:  the  present  discus¬ 
sion  is  not  intended  to  be  a  criticism  of  past  practices  nor 
endorsment  of  our  views  but  simply  a  vehicle  to  illustrate  the 
power  of  rational  transition. 

A  great  deal  of  enthusiasm  and  a  rather  rapid  progress  in  the 
development  of  the  low  discharge  rate  Li  /SOClt  cells 
prompted  an  immediate  transition  to  6.3A  activities  in  the  area 
of  high  discharge  rates,  i.e.,  a  jump  from  6.1  to  6.3A.  This  jump 
created  a  new  situation,  a  situation  where  the  starting  point  in 
the  development  process  was  the  construction  of  an  operational 
87  cell  module,  delivering  9  kW  for  eight  minutes.  Thus,  the 
engineering  development  commenced  without  an  existing  6.2 
effort  directed  at  high  rate  applications.  As  a  result,  the  existing 
technology  base  6.1  and  6.2  projects  only  indirectly  contributed 
to  the  6.3A  effort  Figure  3  illustrates  this  situation  in  a  pictorial 
manner.  To  assure  the  required  power  output  a  thin  cell  design 
was  adapted  with  the  negative  to  positive  electrode  spacing  on 
the  order  of  a  fraction  of  a  millimeter  and  the  discharge  current 
density  of  80  mAem  ~1.  This  requirement  alone  consituted  what 
might  be  called,  a  ‘quantum  jump ’in  this  technology. 


Fig  4  -  History  of  testing 


Failures  during  discharge  were  due  to  electrical  shorts  and 
arose  from  the  contradictory  nature  of  system  requirements.  To 
meet  power  density  requirements,  a  thin  cell  design  was  needed 
which,  in  practice  meant  a  total  separator  thickness  of  ea  2  mils. 
The  separator  must  be  highly  porous  to  minimize  the  iR  -  drop 
across  the  cell  and  permit  rapid  filling  with  electrolyte.  In  addi¬ 
tion,  the  separator  must  be  sufficiently  strong  to  prevent  distor¬ 
tion  and  teying  during  assembly  and  activation.  It  also  must  pro¬ 
vide  a  barrier  to  exclude  the  migration  of  carbon  particles  from 
the  positive  to  the  negative  electrode.  This  is  illustrated  quite 
dramatically  by  the  fact  that  incorrect  selection  of  separator 
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material  in  the  early  phase  of  the  development  was  the  cause  of 
internal  shorts  and  Tires  in  several  modules  tested  (  see  Fig.  4  ). 
Here,  again  transition  issues  are  not  involved  -  the  solution 
depends  on  better  QC. 

Identification  of  transition  Issues 

Only  performance  failures,  i.e.  those  failures  that  refer  to 
modules  that  successfully  completed  the  test  procedure  but  failed 
to  meet  performance  goals  are  considered.  Figure  4  illustrates 
the  unpredictibility  of  module  performance,  in  general,  while 
Table  I  concentrates  on  the  cell  lifetime.  It  is  seen  that  modules, 
originally  designed  for  eight  minutes  of  operation  at  80 
mA  em'J  ,  failed  the  design  goals.  Clearly,  a  variation  of  17  % 
in  performance  is  not  acceptable  for  any  weapon  system.  To 


TABLE  I 

300  series  electrical  performance 


i  Electrical  performance 

Test  Nr 

V(V) 

1(A) 

P(  kW) 

t  (  min ) 

329 

277 

30.3 

8.38 

7.90 

330 

278 

30.3 

8.42 

7.85 

332 

278 

30.7 

8.53 

7.30 

333 

280 

30.9 

8.65 

8.20 

338 

279 

30.6 

8.54 

7.60 

339 

281 

31.0 

8.71 

7.30 

340 

279 

30.7 

8.56 

7.00 

343 

279 

31.0 

8.65 

7.50 

345 

275 

30.3 

8.33 

8.00 

346 

280 

30.9 

8.66 

6.80 

347 

279 

30.7 

8.57 

7.10 

identify  the  technology  issues  that  must  be  resolved,  we  consider 
a  discharging  cell,  as  noted  earlier  a  dynamic  system  of 
interacting  processes  occu’-'-g  within  the  confines  of  a  porous 
structure.  In  a  system  as  complex  as  Li  /SOClt,  collection  of  all 
information  necessary  to  understand  and  characterize  the  battery 
is  impossible  so  that  the  development  of  an  accurate  predictive 
model  is  a  high  priority.  In  fact,  the  rational  approach  to  any 
development  of  this  type  requires  an  underlying  model  to  lever¬ 
age  the  experimental  results. 

Cell/battery  modeling 

The  first  modeling  of  the  dynamics  of  the  discharging 
Li  /SOCIt  cell  was  presented  by  Tsaur  and  Pollard  The 
governing  equations  involved  material  balances,  flux  relations  for 
species  in  the  electrolyte  phase,  Faraday’s  law.  Ohm's  law  (modi¬ 
fied  for  the  electrolyte  phase),  polarization  equation,  active 
specific  surface  area  in  the  cathode  and  the  thickness  of  protec¬ 
tive  film  at  the  anode.  The  input  data  required  for  modeling  are: 
initial  temperature  and  concentration  of  the  electrolyte,  conduc¬ 
tivities  and  densities  of  solid  phases,  open  circuit  potential  and 
its  temperature  dependence  and  the  kinetic  parameters  of  the 
charge  transfer  reaction.  Formulation  of  the  conservation  and 
transport  equations  is  straight  forward.  On  the  other  hand, 
developing  expressions  for  the  electrode  kinetics  requires  more 
care  and  attention.  This  is  so  because  the  rate  determining  step 


(rds),  i.e.,  an  elementary  process  that  controls  the  overall  rate, 
will  change  with  change  in  potential,  cathode  composition  and 
length  of  discharge.  The  usual  exponential  form  of  the  kinetic 
relationship  applies  only  within  a  rather  narrow  range  of  overpo¬ 
tentials.  All  these  changes  are  incorporated  in  the  model  by 
modifying  the  specific  surface  area  while  retaining  the  Tafel-like 
form  for  the  charge  transfer  kinetics. 

Results  of  modeling 

A  typical  galvanostatic  discharge  curve  of  a  Li  /SOClt  cell 
employing  an  acid  electrolyte  is  shown  in  Fig.  5.  The  hump  at 
the  beginning  of  the  discharge  is  due  to  SOCl  j  —  reduction  in 
an  acid  electrolyte,  ie,  the  width  of  this  hump  is  proportional  to 
the  excess  of  AICis  initially  present  in  the  discharging  cell.  The 
slope  of  the  central  region  of  the  V(t )  curve  depends  primarily 
on  the  properties  of  the  LiCl  film  at  the  negative  electrode  sur¬ 
face.  Toward  the  end  of  the  discharge,  the  V'(t)  curve  is 
governed  by  the  events  within  the  porous  structure  of  the  posi¬ 
tive  electrode.  Qualitatively,  neither  the  slope  nor  cell  voltage 
are  sensitive  to  the  aj ,  product,  i.e.  the  product  of  the  specific 
surface  area  and  the  exchange  current  density.  In  contrast  to  cell 
voltage,  the  cell  lifetime  is  very  sensitive  to  it  With  an  increase 
of  the  aj„  product,  the  reaction  zone  is  shifted  toward  the  front 
face  of  the  porous  structure,  thus  favoring  rapid  plugging.  As 
indicated  in  Fig  5,  other  factors  can  significantly  affect  the 
predicted  cell  lifetime.  Thus,  with  small  values  of  exponent  p, 
the  effective  surface  area  available  for  the  charge  transfer  reac¬ 
tion  falls  rapidly  with  LiCl  deposition,  the  reaction  zone 
penetrates  deeper  into  the  electrode  structure,  and  the  cell 
operates  for  a  longer  period  of  time  before  the  cathode  face 


Fig  S  -  Schematic  representation  of  a  galvanostatic  discharge 
curve;  effect  of  change  in  kinetic  parameters 


becomes  blocked.  Smaller  a,  and  ac  also  extend  cell  lifetime.  In 
contrast  to  the  effect  of  a  change  in  the  p  parameter,  this  exten¬ 
sion  is  due  to  a  change  in  the  reduction  mechanism  rather  than  a 
change  in  the  electrode’s  physical  structure. 

Other  observations,  t.g.  the  effect  of  morphology  and  growth 
habits  of  the  LiCl  precipitated  within  the  porous  structure,  as 
well  as  the  unexpected  behavior  upon  addition  of  Ft  —Pe^\ 
form  the  basis  for  re-examination  of  priorities  and  the  initiation 
of  much  needed,  but  neglected,  consultative  interactions  involv¬ 
ing  basic  and  applied  research  and  developmental  activities. 

Re-examinatioa  of  Issues 

Manufacturing  difficulties  and  safety  concerns  led  to  the  can¬ 
cellation  of  the  engineering  development  program  in  the  1985/86 
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time  frame.  In  this,  as  in  any  other  energy  dense  system,  an 
uncontrolled  release  of  the  stored  energy  produces  devastating 
effects.  The  safety  issue  was  further  compounded  by  the  lack  of 
understanding  of  the  basic  chemical  processes  responsible  for 
battery  operation  which,  in  turn,  produced  an  uneasiness  about 
the  ability  to  control  them.  This  was  the  net  result  of  a  decision 
to  transition  directly  to  the  development  phase  without  the  bene¬ 
fit  of  rational  transition  from  6.1  to  6. 2,  thence  to  6.3  A  activities. 

Since  the  cancellation  of  the  engineering  development  pro¬ 
gram,  considerable  progress  has  been  made  in  understanding 
both  the  technology  of  the  Li  /SOClt  system  and  the  design 
features  of  the  high  discharge  rate  battery.  This  accomplishment 
raises  several  issues:  it  could  be  argued  that  the  decision  to  tran¬ 
sition  was  premature  because  the  technology  was  insufficiently 
advanced  to  assure  success.  On  the  other  hand,  it  could  be  said 
that  that  the  research  and  exploratory  development  phases  were 
improperly  addressed.  Alternatively,  the  development  commun¬ 
ity  might  have  failed  to  exploit  the  available  information  and 
technology  base  in  their  project  definition.  The  complexity  of  the 
system  undoubtedly  contributed  to  this  shortcomings.  As  we  see 
it  now,  there  were  no  shortcuts  then  nor  are  there  now.  Conse¬ 
quently,  it  was  necessary  to  resort  to  the  slower  but  surer  sys¬ 
tematic  development  of  understanding  the  basic  physical  and 
chemical  properties  of  the  individual  components  followed  by  a 
construction  of  a  model  to  demonstrate  the  behavior  of  the  final 
product.  To  this  end,  we  set  out  to  define  a  research  program 
which  would  address  those  aspects  of  the  technology  which  were 
impeding  the  construction  of  the  high  discharge  rate  battery  as 
well  as  the  most  interesting  scientific  questions  of  a  fundamental 
nature  relevant  to  the  electroreduction  of  oxyhalides.  What  fol¬ 
lows  is  a  brief  summary  of  the  resultant  program  which  we,  the 
authors  of  this  communication,  have  pursued. 

In  the  course  of  our  research,  we  examined  a  number  of 
issues,  among  them :  thermal  management  initiation  of  catas¬ 
trophic  events  (7),  magnitude  of  parasitic  currents  ***,  and 
selected  scale-up  problems  These  problems  were  treated  with 
simple  models  which  agreed  rather  well  with  observation.  The 
most  important  modeling,  offering  pred  :tive  capabilities,  is  that 
of  Tsaur  and  Pollard  .W  Its  range  depends  on  how  well  the 
mechanism  of  SOClj  electroreduction  is  known.  To  this  end,  we 
elucidated  the  structural  properties  of  ie  eletrolyte  phase  from 
transport  properties  l0*,  refined  them  by  spectroscopic  examina¬ 
tion,  and  resolved  ambiguities  by  theoretical  calculations 
Although  these  studies  are  not  completed,  a  somewhat  clearei 
picture  has  emerged  that  provides  better  insight  into  their  nature 
and  complexity.  A  more  complete  discussion  of  these  activities  in 
the  context  of  the  Li  / SOCl ,  high  rate  1  ittery  transition  process 
can  be  found  elsewhere 

Dissemination  of  information  is  one  of  the  essential  activities 
aiding  a  rational  development  of  the  tchnology  base.  It 
encourages  a  free  exchange  of  ideas  and  promotes  discussion.  It 
also  prevents  accumulation  of  so-called  'proprietary'  informa¬ 
tion,  (  i.e.  information  developed,  often  at  public  expense,  for 
private  exploitation).  Review  papers  published  at  more 

or  less  equal  intervals,  were  designed  to  summarize  the  progress 
made  and  identify  the  unresolved  technology  issues. 

Closiug  remarks 

Scientific  development  promotes  its  own  acceleration:  ideas  are 
converted  into  factual  observations,  observations  lead  to  applica¬ 
tions  and  applications  create  products.  But,  there  are  also  obsta¬ 
cles.  A  most  common  obstacle  attributed  to  human  factors  is  the 
decision  to  authorize  the  transition  step.  Once  the  decision  has 
been  reached,  allocation  of  sufficient  resources  is  necessary.  A 


systematic  abroach  to  the  establishment  of  a  sound  technology 
base  is  the  best  approach.  Construction  of  engineering  models 
based  on  *know-  how*  should  be  discouraged  as  too  expensive. 
As  an  example,  the  cost  to  demonstrate  performance  of  just  one 
Li /SOCl  t  ,  9  kW  module  was  ea  30  thousand  dollars,  while 
the  cost  of  above  mentioned  research  and  exploratory  develop¬ 
ment  activities,  summarized  in  23  publications,  was  but  a  smalt 
fraction  of  the  millions  of  dollars  spent  wa  the  demonstration 
route. 
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TRANSITION  ISSUES  ASSOCIATED  WITH  THE  DEVELOPMENT 

OF  THE 

Li  /SOCl2  BATTERY  TECHNOLOGY 
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and 
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Department  of  Energy,  Washington  DC  20545 

The  period  for  a  typical  R&D  project,  from  inception  to  production  is  from  5  to  10  years, 
depending  on  the  maturity  of  technology  at  the  point  of  project  initiation,  the  complexity  of  the  sys¬ 
tem  and  the  specific  design  requirements;  although  occasionally  longer  periods  may  be  required. 
Present  day  fiscal  constraints,  military  considerations  ( t.g .  ,  the  fear  of  obsolescence  of  hardware) 
and  international  competition  place  great  demands  on  scientists  and  engineers  to  accelerate  and 
optimize  development  programs.  Since  the  almost  exponential  growth  of  funding  of  the  past  decades 
has  leveled  off,  much  greater  effort  must  be  exercised  to  match  opportunities  presented  by  scientific 
inquires  with  requirements  of  applications.  One  way  to  accomplish  this  objective  is  through  a 
smooth  and  expeditious  transition  from  the  concepts  of  fundamental  research  to  specific  technology 
issues  and  into  the  construction  of  engineering  models.  To  achieve  such  a  transition  requires  the 
identification  and  solution  of  problems,  both  technical  and  procedural,  impeding  the  process.  We 
present  here  a  synopsis  of  the  development  of  the  Li  jSOCl2  battery  technology  and  use  this 
development  as  an  example  to  emphasize  both  positive  and  negative  aspects  of  the  transition  process. 

The  Li  /SOCl2  battery  development  is  an  excellent  example  because  it  illustrates  two  important 
points.  First,  a  significant  technological  advancement  was  bom  unexpectedly  as  a  'spin-off'  from 


fundamental  research;  a  result,  which  in  itself  confirms  the  value  of  a  fundamental  technology-base 
research  program.  Second,  it  brings  into  focus  consequences  of  an  attempt  to  parallel  research  and 
engineering,  to  accelerate  the  development  by  producing  an  engineering  model  without  ade¬ 
quately  solving  the  underlying  technical  problems  and  fully  utilizing  the  power  of  rational  transition. 

Historically,  the  Li  /SOCl3  technology  originated  from  a  small  Office  of  Naval  Research  (ONR) 
contract  on  new  concepts  in  liquid  lasers;  a  concept  quite  unrelated  to  battery  technology.  The  care¬ 
ful  analysis  of  the  processes  observed  led  to  the  discovery  and  the  construction  of  this  powerful  bat¬ 
tery  system.  It  possesses  the  highest  energy  density  of  any  commercially  produced  battery  and  is  a 
leading  contender  for  numerous  military  applications.  Largely  as  a  result  of  the  latter,  an  intense 
development  effort,  both  in  this  country  and  abroad,  has  been  undertaken  to  provide  the  needed 
power  sources.  Some  of  these  efforts  are  nearing  completion,  whereas  others  are  still  on-going. 
Among  the  latter  is  the  development  of  a  high  discharge  rate  battery.  It  is  upon  this  development 
activity  that  we  focus  our  attention  relative  to  the  transition  process. 

Concept  of  a  transition 

Transition  is  defined  as  a  passage  or  evolution  from  one  stage  to  another.  It  is  not  a  one-step  pro¬ 
cess;  rather,  it  consists  of  a  set  of  events  that  can  be  illustrated  by  a  donor-acceptor  concept  For  the 
transition  to  occur,  ideas  or  results  generated  within  the  context  of  activities  of  one  stage  must 
satisfy  the  constraints  imposed  by  the  next  stage.  The  nature  of  these  constraints  may  vary  from 
case  to  case,  but,  in  general,  they  can  be  reduced  to  human  factors,  including  management  philoso¬ 
phy,  and  technical  considerations.  The  transition  process  is  completed  when  a  kind  of  equilibrium  is 
reached  whereby  conflicting  interests  are  satisfied.  But  equilibrium  conditions  cannot  be  satisfied 
unless  the  issues  are  clearly  defined.  Using  the  analogy  of  a  pendulum,  an  oscillatory  behavior  of 
ever  decreasing  amplitude  is  sought  by  identifying  and  dealing  with  driving  forces  as  well  as  the 
opposing  factors.  In  practice,  we  are  confronted  with  reaching  a  compromise  between  requirements. 
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specifications,  and  private  interests. 


Before  discussing  the  factors  affecting  the  transition  process,  we  should  consider  the  scope  of  each 
category  of  activities.  Research,  broadly  defined,  includes  investigations  aimed  at  discovery  and/or 
interpretation  of  facts,  revision  of  existing  theories  in  light  of  new  facts  and  the  practical  application 
of  such  facts.  The  dominant  feature  of  pure  research  is  in  seeking  an  extension  of  knowledge  for  its 
own  sake.  Applied  research,  on  the  other  hand,  examines  the  use  of  new  theories  and  observations 
for  practical  ends.  Its  prime  interest  is  to  identify  the  technology  issues  and  propose  their  reduction 
to  practice.  The  transition  process  provides  the  necessary  coupling  even  though  the  boundary 
between  them  is  quite  nebulous.  On  the  other  hand,  the  boundary  between  applied  research  and 
development  is,  generally,  better  defined.  In  particular,  the  developmental  phase  of  the  transition 
process  is  the  conversion  of  the  technology  into  a  product  which,  at  a  minimum,  demonstrates  the 
practicality  of  the  technology. 

Factors  affecting  the  transition  process  are  not  exclusively  of  a  technical  nature.  The  attitudes  of 
individuals  and  the  infrastructure  of  the  performing  or  supporting  organization  may  either  facilitate 
or  hinder  a  transition.  Individual  attitudes  can  include  boredom,  zeal  and  proprietary,  as  well  as 
genuine,  interest  in  expeditious  development  Obviously,  the  latter  is  no  problem  as  long  as  it  does 
not  advance  overzealousness.  Boredom  is  often  encountered;  Many  researchers  lose  interest  in  a 
problem  once  a  solution  has  been  identified  or  a  feasibility  demonstrated.  In  this  case,  care  must  be 
taken  to  maintain  sufficient  interest  without  excessive  zeal  which  might  inhibit  the  transition  process 
by  pursuing  technology  beyond  the  point  necessary  for  a  smooth  transition.  The  situation  may  be 
further  aggravated  by  the  proverbial  arrogance  of  which  scientists  are  often  accused.  Obviously, 
such  perception  is  counter-productive.  There  is  a  natural  tendency  for  individuals  and,  collectively, 
organizations  to  favor  technologies  discovered  or  proposed  from  within.  Alternatively,  individuals  or 
organizations  may  seek  to  pursue  the  development  produced  from  within,  even  though  others  are 


better  equipped  to  affect  the  transition.  The  merits  of  technological  advancement  and  professional 
judgement  often  surrender  to  misplaced  priorities  and  decisions  made  long  in  the  past  Proper 
organizational  infrastructure  and  attitude  can  prevent  these  becoming  issues. 

Mechanism  of  transition. 

A  conceptual  representation  of  the  transition  process  is  summarized  in  Fig.  1.  A  certain  observa¬ 
tion,  often  unrelated  to  the  intent  of  original  research,  gives  rise  to  a  set  of  interesting  conclusions, 
Aj  .  Among  them  is  the  technologically  important  spin-off  situation,  Aj°.  To  exploit  the  potential 
of  Aj 0  and  assess  its  practicability,  a  transition  to  Bj°  must  be  undertaken.  In  practice,  relevant 
issues  must  be  clearly  defined  and  solutions  outlined.  In  terms  of  the  donor  -  acceptor  concept,  the 
Aj°  — >  Bj°  transition  is  analyzed  and,  in  particular,  constraints  imposed  by  Bj°  are  examined. 
This  examination  requires  a  set  of  consultative  interactions  to  secure  additional  fundamental  infor¬ 
mation,  Bj°  — ►  Bj  m°,  as  well  as  those  needed  for  design  purposes,  Bj°  — >  Bj  n.  The  expected 
net  result  is  a  clear  definition  of  issues  as  well  as  preferred  solutions. 

The  sequence  of  activities  presented  in  Fig.  1  is  over-simplified.  We  considered  an  ideal  situation, 
just  as  the  theoretical  scientist  would  choose  controlled  environment  for  his  work.  However,  transi¬ 
tions  from  pure  to  applied  research  are  diffuse  because  theorists  formulate  their  problems  in  the  sim¬ 
plest  way  and  try  to  arrive  at  a  clear  conclusion  and  a  well  defined  physical  model.  The  reality  is 
quite  different  Only  rarely  can  the  situation  be  described  by  mathematical  equations  that  allow  solu¬ 
tions  in  closed  form.  The  interplay  occurring  between  the  various  participating  processes  demands 
highly  developed  computational  skills  to  sort  out  the  relevant  from  the  irrelevant 

Restating,  theoretical  scientists  deal  with  individual  phenomena/processes  which  are  observed 
under  simple  and  controlled  conditions  while  developmental-type  persons  consider  the  same  prob¬ 
lem  in  a  real  world  environment  The  process  under  investigation  is  not  an  isolated  event  but  a  set  of 
events  occurring  simultaneously.  Consequently,  the  mathematical  treatment  involves  the  interplay 
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between  the  various  processes,  with  feedback  conditions,  usually  leading  to  a  set  of  nonlinear  equa¬ 
tions.  Today,  because  of  availability  of  fast  computers,  realistic  modeling  becomes  an  accessible  and 
powerful  tool  to  guide  developmental  efforts. 

The  development  program:  An  early  period 

The  Li  /SOCl}  battery  development  program  was  running  pretty  much  on  the  10  year  R&D  pro¬ 
ject  life  up  until  about  1980.  Realistically,  however,  the  completion  time  of  the  project  would  likely 
have  exceeded  the  10  year  period,  since  the  high  discharge  rate  battery  under  development 
presented  technical  problems  not  yet  encountered  by  the  battery  community. 

The  Li  /SOCl2  system  was  first  disclosed  in  1973.  Following  that,  considerable  research,  includ¬ 
ing  applied  research  and  exploratory  development  were  applied  to  the  system  leading  to  a  decision 
to  transition  the  technology  to  engineering  development  about  1980  with  the  subsequent  call  to 
develop  a  high  discharge  rate  battery  required  for  propulsion.  Several  proposals  were  reviewed,  but 
upon  review,  all  were  rejected  and  the  program  was  effectively  cancelled.  The  technology  reverted 
back  to  exploratory  development,  where  it  remains  today. 

A  summary  of  activities  in  the  early  period  were  as  follows:  Much  of  the  fundamental  research 
was  performed  under  the  original  ONR  contract  and  subsequently  in  some  industrial  laboratories. 
The  initial  transition  within  the  Department  of  Defense  occurred  through  ONR  when  the  Naval 
Ocean  Systems  Center  (NOSC)  was  tasked  with  a  small  exploratory  development  project  for  a  sono- 
bouy  battery.  Shortly  thereafter,  both  the  Army  and  Air  Force  initiated  development  programs  of 
their  own.  As  a  consequence,  the  characteristic  feature  of  this  period  was  a  proliferation  of  military 
development  programs  and  an  attempt  of  rapid  transition  from  applied  research  to  engineering 
development 
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On  somewhat  closer  examination  of  this  period,  one  negative  result  emerges:  The  objectives  in 
each  case  were  different  Consequently,  the  cross  communication  as  well  as  the  establishment  of  a 
common  data  base  were  inadequate.  A  duplication  of  effort  was  common-place  with  solutions  of  lit¬ 
tle  generic  value  to  other  workers  investigating  this  system.  On  the  positive  side,  however,  the  tech¬ 
nology  advanced  to  the  stage  where  we  knew  that  we  could  build  Li  /SOCl2  batteries.  We  had 
some  understanding  of  the  chemistry,  cell  design  and,  likely  limits  of  performance.  Also  during  this 
period,  the  technology  was  commercialized  with  the  production  of  a  Li  /SOCl2  heart  pacemaker 
battery,  a  very  low  discharge  rate  system.  More  importantly,  however,  this  technology  spawned  the 
formation  of  new  companies  whose  objectives  were  to  produce  Li  /SOCl2  batteries.  The  expected 
payoff  from  this  high  energy  density  system  for  military  applications  led  to  numerous  development 
projects.  In  fact,  these  activities  drove  the  expansion  of  the  field. 

Development  of  the  power  dense  Li  jSOCl2  system. 

Several  reasons  can  be  cited  as  being  responsible  for  the  decision  to  cancel  the  engineering 
development  transition.  In  general,  these  can  be  collected  under  the  topics  of  safety  and  manufac¬ 
turing.  In  this,  as  in  any  other  very  high  energy  density  system,  an  uncontrolled  release  of  the 
energy  produces  effects  similar  to  explosives.  Moreover,  events  with  other  lithium  batteries  had 
emphasized  the  need  to  ensure  safe  operation.  The  safety  issue  was  further  compounded  by  a  gen¬ 
eral  lack  of  understanding  of  the  basic  chemical  processes  responsible  for  battery  operation  which, 
in  turn,  produced  an  uneasiness  about  the  ability  to  control  the  discharge. 

Manufacturing  uncertainties  took  the  form  of  a  concern  as  to  whether  the  battery  designs  produced 
in  the  exploratory  development  phase  could  actually  be  scaled  to  the  appropriate  size,  subject  to  the 
volume/weight  specifications  of  the  application.  Issues  such  as  thermal  management,  quality  control, 
shunt  current  effects,  and,  here  also  safety,  were  involved.  An  additional  factor  contributing  to  can¬ 
cellation  of  the  development  program  was  a  competing  technology,  the  so-called  lithium/water 
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system.  The  exact  role  that  this  competition  played  in  the  decision  to  delay  the  transition  cannot  be 
determined.  It  should  be  noted,  however,  that  this  technology  has  now  been  abandoned  altogether. 
Also  involved  in  the  decision  was  the  parallel  development  of  a  thermally-based  system  for  propul 
sion  which,  to  date  (and  at  the  time  of  the  proposed  transition),  is  the  official  power  source  of  choice 
for  torpedo  propulsion.  While  the  latter  has  an  overall  impeding  effect  on  acceptance  of  a  battery 
power  source,  the  effect  is  that  of  reducing  time  criticality,  that  is,  relieving  the  pressure  to  develop. 

Re-examination  of  issues 

In  the  interim  period  since  the  cancellation  of  the  engineering  development  program,  considerable 
progress  has  been  made  in  understanding  both  the  technology  of  the  Li  /SOCl2  system  and  the 
design  features  of  the  high  discharge  rate  battery.  This  progress  raises  several  issues  about  the  transi¬ 
tion  process,  presented  here  in  a  form  of  'Monday  morning  quarterbacking'.  It  can  be  argued  that 
the  decision  to  transition  was  premature  because  the  technology  was  insufficiently  advanced  to 
assure  success.  Moreover,  it  could  be  said  that  the  research  and  exploratory  development  phases 
were  improperly  pursued  either  in  terms  of  the  issues  addressed  or  in  the  applicability  of  the  results 
produced.  Alternatively,  the  developmental  community  might  have  failed  to  exploit  the  available 
information  and  technology  base  in  their  project  definition.  Reality  is  a  combination  of  these  factors. 
Again,  in  retrospect,  the  issues  of  safety  and  manufacturing  along  with  the  technical  components 
were  inadequately  treated  in  the  exploratory  development  phase.  This  was  not  for  lack  of  identifica¬ 
tion,  or  even  effort  Rather,  we  believe,  it  was  due  to  a  failure  to  address  successfully  the  technical 
problems  necessary  to  overcome  the  issues.  The  complexity  of  the  system  undoubtedly  contributed 
to  this  shortcomings;  definitive  experiments  were  difficult  to  conceive  and  perform.  As  we  see  it 
now,  there  were  no  shortcuts  then  nor  are  there  now.  Consequently,  it  was  necessary  to  resort  to  the 
slower  but  surer  systematic  development  of  understanding;  first,  of  the  basic  physical  and  chemical 
properties  of  the  individual  components  and  second,  of  the  systems  as  a  whole  followed  by  the  con- 
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struction  of  a  model  to  demonstrate  the  behavior  of  the  final  product 


Because  of  the  attractive  performance  parameters  for  the  system,  we  never  considered  dropping 
the  technology.  Rather,  we  set  out  to  define  a  research  program  which  would  address  both  the 
aspects  of  the  technology  which  were  impeding  the  development  of  a  high  rate  system  and  the  most 
interesting  unanswered  scientific  questions  fundamental  to  Li  /SOClj  and  other  oxyhalide  electro¬ 
lyte  systems.  What  follows  is  a  brief  summary  of  the  resultant  program  which  we,  the  authors,  have 
pursued. 

Modeling.  An  individual  cell  in  a  battery  may  be  viewed  as  an  electrochemical  reactor  operating  in 
response  to  imposed  demands.  When  at  rest,  it  is  a  constrained  system  that  reacts  spontaneously  as 
the  constraints  are  removed.  Thus,  the  operation  of  a  battery,  a  single  cell,  or  even  a  selected  func¬ 
tional  element,  is  a  dynamic  event  where  the  participating  processes  occur  within  a  well  defined 
reaction  space.  These  processes,  inclusive  of  interactions  among  them,  can  be  cast  into  a  set  of  pre¬ 
cise  mathematical  statements.  It  follows,  therefore,  that  cell  modeling  is  among  the  first  tasks  to  be 
undertaken  when  attempting  the  transition:  Aj°  —*■  5;°  .  In  practice,  difficulties  arise  in  the  for¬ 
mulating  of  an  acceptable  model,  t.e.  ,  a  model  that  reflects  the  physical  reality  and  yet,  where  the 
mathematical  expressions  are  simple  so  that,  at  least  in  the  preliminary  stages,  they  yield  solutions  in 
a  closed  form.  The  modeling  exercises  may  be  of  the  6.1  type,  here  the  Bj  m°  series,  or  the  6.2  type, 
here  the  Bj  „°  series,  depending  upon  their  complexity  and  our  current  level  of  understanding. 

In  the  course  of  our  research  effort,  we  examined  a  number  of  issues:  thermal  management A.6), 
initiation  of  catastrophic  events(F,4),  magnitude  of  parasitic  (intercell)  currents(F.3)  and  selected 
scale-up  problcms(R,5).  These  problems  were  treated  with  simple  models  which  agreed  rather  well 
with  observation.  However,  the  most  important  modeling,  offering  predictive  capabilities,  is  the  cell 
modeling  by  Tsaur  and  Pollard  under  a  small  ONR  contract  (F.I3  and  ref.  therein).  This  relatively 
modest  undertaking  yielded  information  of  enormous  value  -  it  focused  on  the  fundamental  issue  of 
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the  reaction  path  and  catalytic  effects,  and  clearly  showed  that  the  formation  and  growth  of  precipi¬ 
tated  LiCl  within  the  porous  structure  must  be  addressed(F.8). 

Mechanistic  studies.  Equations  that  describe  the  behavior  of  Li  fSOCl2  cell  include  material  and 
energy  balances,  conservation  of  volume.  Ohm’s  law  and  kinetic  relationships.  Formulation  of  the 
conservation  and  transport  equations  is  straightforward.  On  the  other  hand,  developing  the  expres¬ 
sions  for  the  electrode  kinetics  requires  care  and  attention.  It  is  here  that  reliable  information  is  of 
utmost  importance:  the  input  parameters  for  modeling  exercizes,  as  well  as  proposed  models,  must 
reflect  the  realism  of  the  discharging  cell.  To  this  end,  we  elucidated  the  structural  properties  of  the 
electrolyte  phase  from  the  transport  measurements(F.2),  refined  them  by  spectroscopic 
examination(F.9)  and  resolved  ambiguities  by  theoretical  calculations(F.5,F.9).  The  charge  transfer 
reactions  occurring  within  the  Li  /SOCl2  cells  are  very  complex,  indeed.  Although  these  studies 
are  not  yet  completed,  a  somewhat  clearer  picture  has  emerged  that  provides  better  insight  into  their 
nature  and  complexity  (F.l,F.6,F.l  l,F.12). 

Dissemination  of  information.  Timely  dissemination  of  information  is  one  of  the  essential  activities 
aiding  a  rational  development  of  the  technology  base.  It  encourages  a  free  exchange  of  ideas  and 
promotes  discussion.  It  also  prevents  accumulation  of  so-called  'proprietary' information,  (  i.e., 
information  developed,  often  at  public  expense,  for  private  exploitation  ).  For  convenience,  the 
information  developed  in  the  course  of  this  program  is  divided  into  three  groups,  viz.  review 
papers(R.l  -R.6),  applied  research(A.l  -A.7)  and  fundamental  research(F.l  -F.13).  Review  papers, 
published  at  more  or  less  equal  time  intervals,  were  designed  to  summarize  the  progress  made  and 
identify  the  unresolved  technology  issues.  The  second  group  offered  solutions  to  well  defined  issues 
and  the  third  was  devoted  to  the  discussion  of  selected  fundamental  aspects  of  the  Li  /SOCl2 
power  source  technology. 
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Another  spin-off’. 


Scientific  development  promotes  its  own  acceleration:  ideas  are  converted  into  factual  observa¬ 
tions,  observations  lead  to  applications  and  applications  create  product  One  such  example  is  the 
extension  of  the  Li  /SOCl2  cell  lifetime  arising  from  the  study  of  the  properties  of  the  pre-passive 
and  passive  films  formed  on  the  electrode  surface.  In  an  earlier  communication,  we  observed  that  a 
cathodically  polarized  electrode(C,  Pt,  Au)/electrolyte  interphase  behaves  as  a  p-type 
semiconductor(F.7).  Extending  this  investigation  to  the  Si /electrolyte  interphase,  we  noted  the 
absence  of  passivation(F.6).  Consequently,  the  incorporation  of  elemental  Si  into  the  cathode  struc¬ 
ture  was  predicted  to  substantially  increase  the  cell  lifetime(F.13).  This  has  now  been  confirmed 
(P.l).  This  spin-off  has  led  to  new  design  concepts(F.14)  and  a  new  category  of  cells  yielding  an 
estimated  30  %  increase  in  the  extractable  energy  content 

Obstacles  to  effective  transition. 

The  two  most  common  obstacles  to  effective  transition  attributed  to  human  factors  are:  (i)  failure 
to  take  the  next  step,  ie,  to  authorize  the  transition  effort;  and  (ii)  scientific  chauvinism ,  which 
simply  means:  if  I  cannot  reproduce  somebody’s  else  results  in  the  first  (rough)  trial,  I  will  simply 
dismiss  them  as  irrelevant  or,  at  least,  questionable. 

Two  points  concerning  transition  activities  in  battery  development  can  be  made.  First,  it  is  cus¬ 
tomary  to  select  the  battery  system  having  the  highest  Gibbs  free  energy,  which  is  the  measure  of  the 
available  driving  force.  This  fact  alone,  however,  should  not  be  taken  as  the  central  point  because  it 
provides  no  information  on  losses  associated  with  cell  operation.  Hence,  cell  modeling  is  the  pere- 
quisite  to  any  discussion  concerning  the  expected  performance,  especially  at  high  discharge  rates. 

The  second  point  concerns  the  allocation  of  resources  (funding).  The  construction  and  testing  of 
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special  purpose  batteries  is  expensive.  In  some  of  the  above  cited  references,  we  have  commented 
on  the  value  of  a  systematic  approach  to  the  establishment  of  a  sound  technology  base  for 
Li  /SOCl2  batteries.  A  combination  of  this  work  with  that  of  others  (  also  cited  in  the  above  refer¬ 
ences  )  now  provides  a  much  more  secure  base  for  a  high  discharge  rate  Li  /SOCl2  development 
project  This  enhancement  has  been  achieved  at  a  relatively  modest  cost,  particularly  when  com¬ 
pared  to  some  of  the  earlier  efforts  in  which  battery  and  module  tests  were  used  to  collect  data.  As 
an  example,  the  cost  to  'demonstrate '  performance  of  a  Li  /SOCI2  ,  9  kW  module  was  ca  30 
thousand  dollars  per  module,  while  the  cost  of  the  above  outlined  activities,  summarized  in  25  publi¬ 
cations  in  refereed  journals,  was  but  a  small  fraction  of  the  millions  of  dollars  spent  via  the 
'demonstration  'route. 
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Abstract 

The  effect  of  electrode  material  on  the  elementary  processes 
associated  with  the  electroreduction  of  the  SOCI,  -  AlC/,  system  is 
examined  by  three  techniques:  IR-reflectance  spectroscopy,  linear  scan 
voltammetry  and  galvanostatic  pulsing.  The  results  of  spectroscopic 
examination  indicate  the  same  reaction  path  regardless  of  material. 
However  the  shape  of  the  voltammograms  clearly  show  the  effect  of 
electrode  material  on  the  reaction  kinetics. 

INTRODUCTION 

In  order  to  maximize  the  power  density  of  the  Li  /SOCI  ,  electro¬ 
chemical  power  source,  two  design  approaches  were  suggested:  the 
construction  of  a  module  containing  in-series  connected  thin  cells,  as 
one  choice,  and  the  employment  of  a  flowing  electrolyte,  as  the  other. 
To  improve  the  performance  in  each  of  the  proposed  designs,  modifi¬ 
cations  of  both  the  electrode  structure  and  composition  were  under¬ 
taken,  with  mixed  results.  Some  difficulties  were  resolved  through  cell 
modeling.  The  conclusions  reached  by  Tsaur  and  Pollard  { 1  ],  Smith 
et  a!  (2)  and  Nowak  el  al  [3]  showed  that,  in  general,  good  agreement 
exists  between  the  theory  and  practice  and  that  the  important  factor  in 
determining  the  cell  lifetime  is  the  form  of  the  local  current 
density /overpotential  relation  and  the  ensuing  changes  associated  with 
the  reaction  path.  Examination  of  this  system  by  linear  scan  voltam¬ 
metry  indicated  a  complex  reaction  path  suggesting  that  more  than  one 
species  participates  in  the  charge  transfer  process,  vir  an  adsorption 
step  (4,5)  In  this  communication,  wc  examine  the  effect  of  electrode 
material  on  the  form  of  the  j  =  j  (  tj )  relationship.  The  discussion  is 
limited  to  events  occurring  at  Au ,  C -glassy,  and  ft  electrode  sur¬ 
faces.  Subject  to  geometrical  constraints,  the  events  occurring  on  the 
smooth  surfaces  describe  the  behavior  of  the  porous  structure  found  in 
practical  batteries  (6). 

Methodology 

The  elTect  of  electrode  material  on  the  elementary  processes 
associated  with  the  electroreduction  of  the  SOCI ,  -  AICI,  system  is 
examined  by  three  techniques:  IR-reflectance  spectroscopy,  linear  scan 
voltammetry  and  galvanostatic  pulsing  Experimental  details  have 
been  presented  elsewhere  (5,7J. 

Electrochemical  and  Chemical  Reactions 

The  electroreduction  of  SOCI,  in  practical  batteries,  as  well  as 
on  smooth  electrode  surfaces,  comprises  one  or  more  sets  of  consecu¬ 
tive  processes  occurring  within  an  interphase  region.  The  analysis  of 
these  processes,  given  in  (5,7)  is  based  on  the  van  Rysselberghe  con¬ 
cept  of  the  interphase  region  [SJ,  which  is  based  on  an  open  system 
whose  structure  is  generated  by.  and  responds  to,  the  demands 
imposed  by  the  dominating  process! es).  This  concept  is  retained  and, 
when  coupled  with  three  experimental  techniques,  w'z.,  IR  -  spectros¬ 
copy,  linear  scan  voltammetry  and  galvanostatic  pulsing  is  used  to 
illustrate  the  effect  of  the  electrode  material  on  the  charge  transfer 
process,  its  mechanism  and  kinetics. 

The  results  obtained  by  Madou  et  al  (4)  showed  the  importance 
of  the  composition  as  well  as  the  structural  aspects  of  bulk  electrolyte 
on  the  kinetics  of  the  charge  transfer  process.  The  structural  aspects 
of  the  AICI,  -  SOCI ,  system  were  examined  by  vibrational  spectros¬ 
copy  (9)  The  results  of  these  studies  revealed  that  (i)  SOCI,  is  a 
weakly  associated  liquid;  (ii)  Al  ■fZl «  dissolves  dissociatively  with  the 
formation  of  of  a  1:1  adduct.  Cl  *4/  —OSCI >  and  (iii)  these  adducts 
undergo  an  external  exchange  reaction  to  form  AICI  f  and  onium  ion, 
[Cl tAI(r-0SCI ,  )J+.  These  conclusions  were  further  substantiated  by 
molecular  orbital  calculations  (9)  and  solution  conductivity  measure¬ 
ments  (10).  (Hereafter,  for  brevity,  the  symbols  4*  4,,  and  4,*  will 
be  used  to  denote  neat  SOCI >  1:1  adduct  and  onium  ion,  respectively). 


An  interphase  region  is  formed  whenever  an  electrode  is  in  con¬ 
tact  with  an  electrolyte,  ln-situ  IR  spectroscopy  of  the  interphase 
region  has  clearly  shown  that  there  is  an  enrichment  of  1:1  adduct  and 
onium  ion  (5J.  Besides  the  S-O  stretching  vibrational  bands  due  to 
adduct  and  onium  ion,  two  additional  bands  were  observed.  These 
bands  disappear  upon  cathodic  polarization  and  have  been  assigned  to 
adsorbed  onium  ion  (5,7)  Therefore  at  rest  potential,  the  interphase  is 
equilibrated  with  the  bulk  with  a  significant  enrichment  of  4 ,  and  4  3+ 
in  the  vicinity  or  the  electrode  surface,  as  shown  in  Figure  I.  Further¬ 
more,  the  interphase  consists  of  adsorption  and  enrichment  layers  in 
contact  with  the  bulk  electrolyte. 

®  f  ©  © 


Figure  1.  The  AICI ,  -  SOCI ,  system  at  the  rest  potential. 
b»bulk,  i-interphase  and  a-adsorption  layer 

The  mechanism  of  AICI,  -  SOCI ,  electrolyte  reduction  has  been 
discussed  elsewhere  (5,7)  What  follows  is  a  short  summary.  Figure  2a 
shows  the  effect  of  scan  rate  on  the  shape  of  the  linear  scan  voltammo¬ 
grams  obtained  for  a  3.0  M  solution  on  ft.  The  electroreduction  of 
SOCI a  is  a  two-electron  transfer  in  which  the  first  one,  Eq.  (1),  is 
irreversible  and  the  second,  Eq.  (2),  is  quasi-reversible 

Af+e-^P,  (I) 

Pt  +  e-~Pt  (2) 

P,  and  P,  are  unidentified  intermediate  species  which  desorb  from  the 
electrode  surface  into  the  reaction  layer  where  they  react  with  other 
species  to  form  the  products  or  electroreduction  Cl~,  SO,  and  S.  ln- 
situ  IR  spectroscopy  has  shown  that  upon  cathodic  polarization  new 
peaks  due  to  SO,  appear  in  the  spectra  as  well  as  two  additional  bands 
assigned  to,  as  yet,  unidentified  products  containing  a  S-O  bond  It 
is  likely  that  these  unassigned  bands  are  associated  with  P ,  and  P,  (5). 
Furthermore,  galvanostatic  pulsing  experiments  indicate  that  three 
adsorbed  species  are  present  on  the  ft  electrode  (7)  Figure  3  shows 
the  potential/time  behavior  across  a  charging  and  relaxing  interphase 
for  the  h  j  AICI SOCI,  system.  Three  exponential  decays  are 
observed  in  the  relaxation  curve.  In  general,  the  number  of  exponen¬ 
tial  decays  observed  in  the  potential  relaxation  curve  reflects  the 
number  of  adsorbed  species  (II) 

The  linear  scan  voltammograms,  shown  in  Figure  2,  also  show  a 
current  plateau  which  is  associated  with  the  first  electron  transfer. 
This  suggests  a  coupled  chemical  reaction  either  preceeding  or  parallel 
with  the  charge  transfer  (12)  Indeed  an  equilibrium  does  exist 
between  onium  ion  and  1:1  adduct  and,  from  the  in-situ  IR  experi¬ 
ments,  a  loss  of  both  these  species  is  observed  with  increasing  overpo¬ 
tential  (5)  As  the  scan  rate  is  decreased  (Figure  2a)  or  the  concentra¬ 
tion  of  AICI ,  is  increased  (Figure  2b),  an  auto-catalytic  effect,  mani¬ 
fested  by  a  cross-over  behavior  in  the  linear  scan  voltammograms  (12), 
is  observed  |5,7)  Increasing  the  AICI ,  concentration  increases  the 
concentration  of  onium  ions.  Moreover,  since  the  cross-over  point 
occurs  at  the  juncture  between  the  current  plateau  and  the  cathodic 
peak  due  to  the  second  electron  transfer,  the  species  being  regenerated 
on  the  electrode  surface,  ria  Eq.  (3),  is  P,. 

P,+Af-*2P,  (3) 
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Figure  2.  Effect  of  scan  rale  and  concentration  on  voltammogram 
shape. 

a-  System:  ft  / SOCI ,  -  3.0Af  A/C/»  solid  liner  «  10  mF  s  ' ,  dashed- 
5  mV  s '* 

b-  System:  Pt /SOCI ,  -  4.0Af  X/C/*  r  =  10  mF  s'* 


Figure  3.  Potential/time  behavior  across  charging  and  relaxing  inter¬ 
phase  SystemtA  /SOCI,  -  3  0Af  4/C/»  pulse  current  0.001 1  X  cm*9 


The  remaining  features  in  the  linear  scan  voltammograms  shown  in 
Figure  2  are  pre-  and  postpeaks  due  to  adsorbed  species  (13).  The 
sequence  of  events  occurring  during  SOCI,  electroreduction  is  sum¬ 
marized  in  Figure  4.  In  Figure  4,  f  reflects  the  thermodynamics  and  A 
the  kinetics  of  the  system.  The  rate  constants  for  adsorption,  autoca¬ 
talysis  and  desorption  are  denoted  by  it..  *<*•  and  kt,  respectively. 
The  rate  constants  for  the  first  and  second  electron  transfers  are  given 
by  fc<‘>  and  *•*•.  Surface  coverages  of  Xa+,  Px  and  P,  are  defined  by 
4 1, ),  and  S>  respectively 
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Figure  4.  Summary  of  SOCI ,  reduction  path. 


RESULTS 

Effect  of  Electrode  Material  on  Electroreduction 

Determination  of  the  effect  of  electrode  materials  on  the  reduc¬ 
tion  of  SOC/ j-bearing  species  by  the  potential  perturbation  technique 
requires  that  the  reaction  path  remains  unchanged.  The  constancy  of 
the  reaction  path  is  manifested  by  identical  species  populating  the 
electrode/eiectrolyte  interphase,  ijt.,  irrespective  of  the  electrode 
materiaL  To  ascertain  this,  the  spectral  region  92J-1400  cm'1  was 
examined  by  in-situ  IR  spectroscopy  for  each  electrode  material. 

Figures  5a  to  5d  show  this  region  reflected  from  the  Xu-,  ft-, 
n  -Si  -  and  C  - glassy  sufaces  at  rest  potential  (dashed  lines)  and  while 
cathodically  polarized  (solid  lines).  The  general  similarity  of  the  spec¬ 
tra  show  that  the  species  present  at  and  near  the  surface  are  the  same 
for  each  of  the  electrode  materials  which,  in  turn,  indicates  that  the 
reduction  path  is  the  same  for  each  surface.  The  concentration  of  of 
reactant(s)  and  products(s)  within  the  interphase,  however,  depends  on 
the  electrode  material  because  adsorption  phenomena  are  highly 
specific. 

It  is  known  [14]  that,  for  a  given  set  of  experimental  constraints, 
the  linear  scan  voltammetry  delineates  regimes  of  the  dominance  of 
specific  processes,  fn  the  case  of  the  A  electrode,  constraints  applied 
in  Figure  2  produced  a  balanced  set,  U.,  where  no  single  process 
dominates  the  voltammogram.  Changing  the  composition  of  the  elec¬ 
trolyte  phase  by  the  addit:on  of  a  small  amount  of  Ft  -Pc  (ej. ,  2  mg 
cm"®),  Figure  6a,  substantially  alters  the  shape  of  the  voltammograms, 
tide  supra.  Figure  2.  Addition  of  Ft  -Pc  to  the  electrolyte  solution 
produces  a  voltammogram  indicative  of  catalytic  effect  (12,13).  The 
catalysis  masks  contributions  due  to  strongly  adsorbed  species,  the 
coupled  chemical  equilibrium  and  the  charge  transfer.  Furthermore, 
the  relaxation  curve  obtained  from  galvanostatic  pulsing  experiments 
shows  only  one  exponential  decay  which  is  characteristic  of  a  strong 
catalytic  effect  In  terms  of  the  reaction  path  illustrated  in  Figure  4, 
the  *1**  is  faster  for  the  Pt  /SOCI, -(Ft -Pc)  than  for  Pt/SOCl, 
Furthermore,  the  less  prominent  anodic  peak  due  to  the  re-oxidation 
of  P,  —  Pt,  means  that  the  rate  constant,  f Lr>.  is  increased  in  the 
presence  of  dissolved  Ft -Pc. 
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Figure  5.  Effect  of  applied  potential  and  electrode  material  on  IR- 
reflcctance  spectrum. 

Spectral  region:  925-1400  cm'1;  Systematic  /3.0M  AICI,  -  SOCI^a-, 
b-,  c-,  and  d-  reflected  from  Au,  Pt ,  Si,  C -glassy  -electrode  surface, 
respectively.  Dashed  line-electrode  at  rest  potential;  solid  line-  polar¬ 
ized  to  -2.5  V  (Au),  -3.5  V  (ft),  -3.0  V  (Si)  and  -2.0  V  (C -glassy). 
Bands  A,  B,  and  C  refer  to  onium  ion,  1:1  adduct  and  neat  SOClt  in 
the  bulk  solution,  respectively. 


The  efTect  of  the  electrode  material  on  the  rate  constants  is  illus¬ 
trated  in  Figures  6b  to  6d.  In  particular.  Figure  6b  shows  the  efTect  of 
surface  modification  of  the  ft  -electrode  by  a  chemisorbed  Ft  —Pc . 
Comparison  of  voltammograms  in  Figures  2  and  6b  shows  a  significant 
increase  in  the  rate  of  the  charge  transfer  associated  with  the  first  elec¬ 
tron,  />.,  kHlr.-re)  >  and  a  similarly  notable  reduction  in  the 
second  peak  can  be  interpreted  as  an  increase  in  the  fc(* '-value.  It  is 
unlikely  that  any  of  the  features  of  the  linear  scan  voltammogram 
shown  in  Figure  6b  is  due  to  the  reduction  of  the  central  metal  ion  of 
Ft  -Pc.  No  such  waves  were  observed  in  Figure  6a  nor  has  any  such 
process  been  observed  by  Melendres  [15,16].  The  voltammogram  on 
Au -surface.  Figure  6c,  shows  a  substantial  increase  in  the  k  (1'-rate 
constant  compared  to  ft.  Figure  2,  thus  obscurring  the  contributions 
due  to  adsorption.  Likewise  the  relaxation  curve  obtained  during  gal- 
vanostatic  pulsing  experiments  shows  only  one  exponential  decay.  On 
a  glassy  C  surface.  Figure  6d,  a  substantial  auto-catalytic  efTect  is 
observed.  The  auto-catalytic  effects  are  associated  with  the  process 
described  by  Eq.  (Ill)  coupled  with  relevant  equilibria.  As  with  ft, 
three  exponentially  decaying  segments  are  observed  in  the  gaivanos- 
tatic  relaxation  curves  indicative  of  three  adsorbed  species. 

CONCLUSIONS 

—  The'coifiplexity  of  the  reaction  path.  Figure  4,  indicates  that  the 
material  employed  in  the  construction  of  the  positive  electrode  might 
afTect  the  performance  of  a  discharging  Li  /SOCl ,  cell.  The  primary 
reason  for  such  a  conclusion  is  the  presence  of  adsorbed  species  whose 
adsorption-desorption  rates,  as  well  as  catalytic  activities,  depend  on 
the  electrode  material. 

The  examination  of  the  voltammogram  shape  as  a  function  of 
electrode  material  led  to  the  following  relations,  Eqs.  (4)  and  (5) 

*Ji>  >  kilU.-^  >  ki"  (D 

*i:'  >*£•>*£'  (5) 

This  series  in  rate  constants  is  further  supported  by  the  potential 
decay  across  the  relaxing  electrode/electrolyte  interphases. 
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Figure  6.  EfTect  of  solution  composition  and  electrode  material  on 
linear  scan  voltammograms;  Scan  rate- 10  rnKj'1;  System:  a- 
ft/SOCI,-  3.0M  AICI  j  with  added  2.0  mg  cm-3  Ft -Pc,  b  through 
d-  Me  j  SOCl  3  —  3.0  M  AICI  $  where  b-  ft  electrode  with  chemisorbed 
Ft  -Pc;  c-  Au  electrode;  d-  glassy  -C  electrode 
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1.0  Introductory  Remarks 

Often  power  sources  for  military  applications  are  designed  to  operate  within  relatively  narrow 
limits  -  these  limits  being  on  the  edge  of  the  system  capabilities.  This  requirement  results  in  serious 
difficulties  in  the  fabrication,  it ,  it  imposes  strict  quality  control  (QC)  measures  to  prevent  failures, 
such  as  the  reduced  cell-battery  lifetime  or  the  initiation  of  a  catastrophic  event  Here,  we  limit  the 
discussion  to  one  aspect  only,  viz. ,  to  the  QC  steps  that  affect  the  intercell  currents  of  the  high 
energy/power  density  batteries.  Specifically,  we  consider  QC  implications  with  regard  to  the 
Li  /SOCl2—  power  source  designed  for  propulsion.  This  system,  as  well  as  other  power  dense  sys¬ 
tems,  have  some  common  features,  namely:  compact  design,  multimodule  construction  and  reserve 
configuration  operating  either  under  static  or  flowing  electrolyte  conditions.  Although  the  design 
and  methods  of  assembly  may  vary  from  system  to  syst  em  and  from  manufacturer  to  manufacturer, 
nevertheless,  in  general,  QC  procedures  are  most  likely  employed  at  the  same  points  in  the  assembly 
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process  and  to  the  same  ceil/module  functional  elements. 


2.0  Dynamics  of  operation,  Fabrication  and  QC  points. 

A  high  power  output  Li/SOCl2  battery  is  usually  assembled  by  connecting  a  number  of 
modules.  As  an  example,  in  one  design  twenty  modules  connected  in  parallel,  each  containing 
approximately  100  cells,  have  been  employed  (1).  Obviously,  this  enormous  number  of  thin  cells  - 
and  the  need  for  high  reliability  -  imposes  stringent  requirements  on  the  manufacturer. 

The  basic  block  in  the  construction  of  a  module  is  the  galvanic  cell  It  contains  four  functional 
elements  that,  together  with  the  participating  processes,  fully  describe  the  cell  discharge  processes. 
These  elements  are:  the  negative  electrode  which  functions  as  a  seat  for  the  generation  of  electrons 
via  the  oxidation  reaction;  the  positive  electrode  where  the  reduction  reaction  consumes  electrons 
generated  at  the  negative;  the  separator  which  prevents  direct  contact  between  electrodes  and,  yet, 
permits  ionic  conductance.  The  elementary  processes  occurring  within  the  cell  interior  are:  the  diffu¬ 
sion  of  reactants  toward  the  electrode  surface;  the  adsorption  on  the  electrode  surface;  the  charge 
transfer;  the  diffusion  of  products  away  from  the  electrode  surface;  the  ion  conduction  through  an 
electrolyte;  and,  to  complete  the  cycle,  the  flow  of  electrons  in  an  external  circuit  where  the  electri¬ 
cal  work  is  delivered.  Because  porous  electrodes  are  used,  their  fabrication  incurs  statistically  spread 
deviation  in  eg. ,  surface  area,  porosity,  tortuosity  and  particle  and  pore  size.  The  dynamics  of  the 
cell/module  operation  involves  the  interaction  between  elementary  processes  and  the  electrode 
structure.  Thus,  it  follows  that  all  porous  functional  elements  must  conform  to  standards. 

The  battery  is  manufactured  by  stacking  modules  and  interconnecting  them  hydraulically.  The 
basic  module  assembly  involves:  (i)  stacking  the  individual  elements,  (ii)  compressing  the  stack  to 
final  dimension  and  sealing  the  outer  and  inner  cell  edges.  The  compliance  with  specification 
demands  (il  counting  the  number  of  cells  in  a  module,  (ii)  measuring  the  cell/module  thickness  and 
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inspecting  the  quality  of  seals.  As  indicated  in  Fig.  1,  the  QC  measures  are  connected  to  the  fabrica¬ 
tion  steps  and  the  dynamics  of  the  cell  operation;  their  effect  on  the  intercell  currents  form  the  main 
body  of  this  presentation. 

3.0  Concept  of  Equivalent  Analogs. 

If  we  write  for  the  rate  of  reaction  an  expression  in  the  form  of  Ohm’s  law,  it. ,  r  =  kX ,  where  r 
is  the  reaction  rate,  k  is  the  phenomenological  coefficient,  and  X  is  the  driving  force,  then  an  elec¬ 
tric  circuit  analog  can  be  easily  constructed.  In  terms  of  the  electric  circuit  analog  the  coefficent  k  is 
the  resistive  component  and  X  is  the  equivalent  potential  drop  associated  with  the  current  flow.  For 
a  set  of  consecutive  reactions  (  it ,  resistive  elements  in  series  ),  the  internal  ceil  resistance,  Rz ,  is 
the  sum  of  individual  resistances.  Fig.  2  -  upper  left  Thus,  the  cell  impedance  comprises  all 
impedances  associated  with  individual  processes  occurring  within  the  confines  of  electrode  interior. 
Consequendy,  it  is  the  focal  point  that  requires  a  detailed  analysis  because  of  its  specificity  and 
non-ohmic  character  and  because  it  is  generally  time-dependent  (2). 

A  module  consists  of  N  cells  connected  in  series.  Because  energetic  systems,  as  a  rule,  are  con¬ 
structed  in  a  reserve  configuration,  means  for  cell  activation  and/or  electrolyte  circulation  must  be 
provided.  The  corresponding  electric  circuit  analog  consists  of  NRt  ,•  with  added  resistive  com¬ 
ponents,  Rf  and  Rj ,  which  are  associated  with  the  continuous  electrolytic  path  must  An  example 
of  a  multimodule  assembly  is  shown  in  Fig.  2.  A  multimodule  assembly  may  contain  either  an  even 
or  an  odd  number  of  modules  which,  when  connected  in  parallel,  share  positive/positive,  (+/+), 
and  negative/negative,  (-/-),  interfaces  (3). 

4.0  Circulating  and  intercell  currents 

The  intercell  current  is  an  ionic  current  that  originates  in  one  cell  and  terminates  in  another.  It 
does  not  perform  any  useful  work;  on  the  contrary,  it  is  a  parasitic  current  resulting  in  the  loss  of 


2-195 


power  and  capacity  (4)  and  may  contribute  to  the  catastrophic  thermal  runaway(2,5).  Both  these 
currents  can  be  calculated  using  either  a  continuous  (6)  or  discrete  model  (2). 

Qualitatively,  circulating  currents  exhibit  a  maximum  at  the  central  cells  whereas  the  largest 
intercell  currents  are  found  in  the  end  cells  where  they  change  sign  from  positive  (  at  the  negative 
end)  to  negative  (  at  the  positive  end).  For  modules  with  small  number  of  cells,  all  cells  generate 
intercell  currents  (2).  As  the  number  of  cells  increases  the  centrally  located  cells  contribute  less. 
When  an  intercell  current  exceeds  its  critical  value,  current  reversal  occurs  causing  electrodeposition 
at  the  negative  electrodes  and  corrosion  at  the  positive.  A  characteristic  number  reflecting  the  dis¬ 
tribution  of  these  currents  is  the  A—  parameter  (2).  This  parameter  depends  on  battery  design,  elec¬ 
trolyte  properties  and  the  charge  transfer  reaction.  Its  most  desirable  value,  A  =  1.0,  is  closely 
related  to  QC  measures. 

5.0  Illustrative  examples 

To  illustrate  the  effect  of  QC  measures,  we  first  examine  the  behavior  of  a  well  designed  and  con¬ 
structed  multimodule  battery.  In  particular,  we  consider  the  time  evolution  of  the  load  current  in  an 
external  circuit,  the  load  sharing  by  individual  modules  and  the  changes  in  the  A—  parameter. 
Second,  we  evaluate  the  behavior  of  defective  cells  by  comparing  performance  of  defective  modules 
with  that  of  well  constructed. 

5.1  Scale-up  effects  of  well  designed  battery. 

Figures  3  to  5  show  the  results  of  modeling  of  a  well  constructed  multimodule  battery.  As  illus¬ 
trated  in  Fig.  3,  the  load  current  increases  with  an  increase  in  the  number  of  modules.  For  example, 
the  scaling  up  from  a  two  50  cell  module  bactey  to  a  five  module  battery  which  is  discharged 
through  the  same  resistance,  increases  the  load  current  by  ca  10  %.  This  is  an  expected  behavior 
since  the  increase  in  the  number  of  modules  reduces  the  current  density  and,  therefore  also  their 


2-196 


polarization. 


The  effect  of  normal  distribution  of  the  relevant  properties  of  the  porous  structures  of  cell  com¬ 
ponents  on  the  current  delivered  by  individual  modules  is  illustrated  in  Figs.  4a  -  4d.  It  is  seen  that 
within  85  %  of  the  battery  lifetime  each  modules  delivers  uniformly  a  fraction  of  the  current  that  is 
determined  by  the  statistical  aspects  of  modules.  Within  the  remaining  15  %,  there  is  a  clear  manifes¬ 
tation  of  load  sharing.  The  already  depleted  modules  deliver  less  current  and  other  modules  compen¬ 
sate  by  increasing  their  contribution.  The  time  evolution  of  the  distribution  of  intercell  currents  and 
the  A—  parameter  is  shown  in  Figs.  5a  -  5d,  respectively. 

5.2  Effect  of  variation  in  module  compression/expansion 

Typically,  the  process  of  module  assembly  involves  the  placement  of  a  predetermined  number  of 
cells  with  due  attention  to  their  alignment  followed  by  compression  to  the  designed  thickness.  In 
practice,  the  variation  of  +-  4  %  is  acceptable  (1).  Such  a  degree  of  variation  in  thickness  does  not 
substantially  affect  either  the  total  load  current  or  contribution  by  individual  modules,  as  seen  from 
comparison  of  Figs.  6  with  4b.  However,  as  expected,  modules  in  compression  contribute  more  to 
the  load  current  than  those  in  expansion.  Our  model  predicts  that  variation  up  to  10  %  are  accept¬ 
able 

5.3  Unequal  numbers  of  cells  in  modules. 

The  large  number  of  cells  in  a  module,  eg. ,  100  cells  for  a  10  kW  module,  increases  the  probabil¬ 
ity  of  constructing  modules  with  fewer  or  greater  number  of  cells  than  specified.  The  effect  of  such 
an  error  is  shown  in  Fig.  7.  As  indicated,  the  effect  of  fewer  ceils  is  similar  to  that  resulting  from 
expansion  in  module  thickness,  while  the  extra  cells  corresponds  to  a  compression.  Missing  one  cell 
in  a  50  cell  module  can  be  tolerated  -  missing  two  cells,  however,  seriously  affects  the  battery  perfor¬ 
mance,  as  shown  in  Fig.  7b. 
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5.4  Modules  with  defective  cells 


Defective  cells  are  those  that  fail  to  function  prematurely.  The  source  of  defective  cells  can  be 
traced  to  cathode  fabrication.  The  measure  of  the  deficiency  is  introduced  in  our  model  through  the 
computational  factor  reflecting  both  the  conductivity  in  the  cathode  and  the  total  charge  deliverable 
by  a  cell  (2).  Its  numerical  may  value  vary  between  zero  and  unity  -  the  smaller  this  factor,  the  more 
serious  the  defect  To  illustrate  the  effect  of  defective  cells,  we  selected  central  cells  of  the  first 
module  and  assigned  the  deficince  factor,  w  =  0.5.  It  is  seen  that  approximately  half-way  through 
the  discharge  process,  the  battery  load  current  became  less  due  to  the  failure  of  the  first  module.  It  is 
also  seen  that  the  remaining  modules  cannot  compensate  completely.  Moreover,  as  illustrated  in 
Figs.  8c  and  d,  local  heat  sources  are  generated  by  rhe  intercell  currents  in  addition  to  the  excessive 
heat  generation  by  the  increase  in  load  current  by  the  still  functioning  modules. 

6.0  Concluding  remarks 

Present  calculations  confirm,  what  has  been  found  in  practice,  that  the  addition  of  well  con¬ 
structed  modules  introduces  no  special  operational  difficulties.  Our  model  predicts  that  tolerances  in 
module  thickness  up  to  ca  10  %  and  the  variation  in  the  number  of  cells  in  a  module  up  to  2  %  are 
acceptable.  The  most  serious  problem,  however,  arises  from  the  deficient  cells  thus  suggesting  a 
strict  enforcement  of  the  QC  measures  especially  in  the  fabrication  of  positive  electrodes. 
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Figure  captions 


Fig.  1  •  A  flow  chart  indicating  fabrication  sequence  and  QC  inspection  stations. 

Fig.  2  -  Electric  circuit  analogs, 
a  -  cell  (upper  left) 

b  -  module  and  module/module  interface 

Fig.  3  -  Load  current  in  external  circuit  delivered  by  well  constructed  multimodule  battery.  Number 
of  modules  indicated  alongside. 

Fig.  4  -  Sharing  of  load  currents  by  individual  modules  for  2  -  (4a),  3-  (4b),  4  -  (4c)  and  5-  (4d) 
module  battery. 

Fig.  5  -  Time  evolution  of  the  distribution  of  intercell  currents  and  the  A—  parameter. 

5a  and  5b  -  intercell  currets  at  t  =  0  and  t  =  288  seconds 

5c  and  5d  -  A—  parameter  at  t  =  0  and  t  —  288  seconds  (insert  drawn  to  the  same  scale  as  in  5c) 

Fig.  6  -  Portion  of  load  current  supplied  by  individual  modules  in  a  3-  module  assembly. 

6a  -  module  Nr  2  in  expansion  by  4  % 

6b  -  module  Nr  2  in  compression  by  4  % 

Fig.  7  -  Effect  of  unequal  numbers  of  cells  on  load  current  in  a  three  -  50  cell  module  battery. 

7a  -  module  Nr  1  -  49  cells 
7b  -  module  Nr  1  -  48  cells 

Fig.  8  -  Effect  of  defective  cells  on  battery  performance 
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EFFECT  OF  ILLUMINATION  ON  THE  ELECTROREDUCTION 
OF  THIONYL  CHLORIDE 

M.  Madou,  T.  Otagava,  C.  Caisford 
SRI  International,  Menlo  Park,  CA 

S.  Szpak 

Naval  Oceans  Systems  Center 
San  Diego,  CA  92152-5000 

Int  roduction 

It  is  well  known  that  the  current  of  neutral 
thionyl  chloride  (1  M  L1A1C14)  electroreduction 
rapidly  diminishes  with  time  because  of  blocking 
of  the  electrode  by  reaction  products  (e.g.  1-2). 
Chakhov  et  al.  (3)  reported  that  such  a  "blocked" 
electrode  in  the  case  of  vitreous  carbon  or  pyro¬ 
lytic  graphite,  exhibits  a  pronounced  cathodic 
photoeffect  in  which  the  el ^ctroreduction  of  SOCI2 
is  enhanced  significantly.  They  attributed  this 
to  the  fact  that  vitreous  carbon  as  well  as  pyro¬ 
lytic  graphite,  when  immersed  in  SOCI2,  behaves 
like  p-type  semiconductor  with  a  2  eV  bandgap. 
Such  a  p-type  semiconductor  behaviour,  they  argue, 
comes  about  because  of  the  formation  of  a  surface 
compound,  presumably  a  solid  film  involving  carbon 
corrosion  products,  leading  to  the  electrode  pas¬ 
sivation  through  a  decrease  in  the  free  electron 
concentration  in  the  surface  layers.  Upon  illum¬ 
ination  of  the  surface,  there  is  an  increase  in 
the  concentrat ion  of  free  electrons,  and  hence  an 
increase  in  the  reduction  currents  of  SOC^* 

In  this  work  we  studied  photoeffects  on 
Jiitoreat  electrode  materials  (C,  Au,  Pt ,  and  n- 
and  p-Si;  with  the  aim  of  better  understanding 
the  nature  of  the  reported  photoeffects  and  also 
to  better  understand  the  kinetics  of  the  S0C17 
reduction  by  applying  semiconductor  electro¬ 
chemistry  models  such  as  the  isoenergetic  charge 
transfer  model  (4)  to  our  results  on  the  Si/S0Cl9 
interface. 

An  unexpected  result  from  this  work  that  has 
possible  practical  applications,  is  the  observation 
that  Si  electrodes  do  not  passivate  ("block") 
as  last  as,  for  example,  carbon  electrodes. 

Results  and  Discussion 

1 .  Photoeffects  on  C,  Pt ,  and  Au 

In  Figure  1  we  show  the  electroreduction 
currents  on  vitreous  carbon,  Pt ,  and  gold  elec¬ 
trodes  in  a  solution  of  1  M  LiAlCl^  in  SOCI2  as 
a  function  of  time  while  chopping  the  light  that 
strikes  the  electrode  surface.  The  light  source 
used  was  a  tungsten  microscope  lamp.  The  elec¬ 
trode  potential  in  Fig.  1  is  given  with  respect 
to  a  Li  reference  electrode  and  all  potentials 
are  within  the  range  of  electro-reduction  of 
S0CI2.  The  photoeffect  reported  by  Chakhov  et 
al.  (3)  for  vitreous  carbon  is  reproduced  here 
but  obviously  the  same  effect  of  enhanced 
e Lect ro reduct ion  by  illumination  is  observed 
for  Pt  and  Au  electrodes. 

The  deeper  into  the  passivating 
potential  range  (and  presumably  the 
thicker  the  passivating  film)  the  more 
pronounced  the  photoeffect.  The  explan¬ 
ation  for  the  photoeffect  on  vitreous 
carbon,  given  by  Chakhov  et  al .  (3) 
involved  carbon  corrosion  products, 
the  above  results  indicate  that  any 
model  relying  exclusively  on  involvement 
of  carbon  corrosion  products  is  incomplete 


Our  results,  reported  further  below,  indicate  that 
the  observed  photoeffect  is  more  probably  associated 
with  the  presence  of  LiCl  on  all  these  electrodes. 

2.  The  Si/SOCl?  Interface 

Cyclic  volt ammo e rams  on  n-  and  p-type  Si 
electrodes  (p  *  +  1  Wcm) in  a  solution  of  1  M  LiAlCl^ 
in  SOCI2  in  the  dark,  exhibit  "diode"  characteris¬ 
tics  associated  with  a  Schottky  barrier  at  the 
interface  S1/S0C12-  From  the  isoenergetic  charge 
transfer  model  (4)  it  follows  that;  1)  because  of 
the  absence  of  a  large  anodic  current  in  the  case 
of  n-type  Si  in  the  dark,  no  electron  injection  by 
SOCI2  into  the  Si  conduction  band  takes  place,  and 
2)  because  of  the  absence  of  a  large  cathodic  current 
in  the  case  of  p-type  in  the  dark,  no  hole  injection 
by  SOCI2  in  the  Si  valence  band  takes  place.  If  hole 
injection  would  proceed  at  a  fast  rate  it  would 
typically  lead  to  fast  corrosion  of  the  Si  by  SOC^ 
even  at  open  circuit. 

The  onset  of  the  reduction  of  SOCI2  on  n-Si  in 
the  dark  exhibits  a  large  overpotential  compared 
to  C,  Pt,  and  Au.  Because  of  the  low  conductivity 
of  the  Si  used  here  and  the  existence  of  a  space 
charge  at  the  interface  Si/S0Cl2»  such  a  large 
overpotential  is  not  unexpected.  For  a  practical 
battery  electrode,  highly  conductive,  degenerate 
Si  would  have  to  be  used. 

'Hie  type  of  photoeffects  observed  on  the  C,  Pt 
and  Au  (see  Fig.  1)  electrodes  was  not  observed  on 
Si.  Only  in  the  voltage  range  where  a  substantial 
space  charge  is  present  at  the  Si/SOCl2  interface, 
in  both  n-  and  p-type,  did  we  observe  the  typical 
space-charge-dominated  semiconductor-type  photo¬ 
effects.  These  photoeffects  are  much  larger  than 
the  ones  shown  in  Fig.  1  and  the  response  time  is 
also  much  faster. 

3.  Delayed  Passivation  on  Si  Electrodes 

A  1  cm^  pt  Jncj  an  n-Si  electrode  were  sub¬ 
jected  to  a  cathodic  current  of  100  t«A/cm2  in  a 
solution  of  1  M  LiAlCl^  in  SOCI2  (using  a  galvano- 
stat).  Meanwhile  the  voltage  of  the  Pt  and  the 
n-Si  were  measured  with  respect  to  a  Li  reference 
electrode  as  a  function  of  time.  At  the  point  of 
complete  passivation  such  curves  show  an  inflection 
towards  more  negative  potentials.  That  inflection 
point  in  the  case  of  n-Si  occurs  much  later  than 
for  Pt  (5  times  as  long  as  it  takes  for  Pt  to 
passivate).  The  above  experiment  indicates  that 
Si  passivates  much  slower  than  Pt  (we  found  that 
Pt»  C,  and  Au  all  passivated  after  about  the  same 
time  of  electroreduction  current).  The  above 
experiment  might  also  explain  why  the  photoeffect 
illustrated  in  Fig.  1  does  not  occur  with  Si.  It 
seems  that  LiCl  either  does  not  form  in  this  case, 
or  if  it  forms,  it  forms  much  slower.  If  LiCl  is 
not  present  the  photoeffect  observed  in  Fig.  1 
does  not  seem  to  occui .  We  speculate  that  on  the 
Si  electrode  soluble  "SiCl*"  species  forms 
preferentially  rather  than  the  insoluble  LiCl. 

Possibly  light  enables  e  to  be  excited  into 
the  conduction  band  or  in  localized  states  within 
the  LiCl  bandgap  providing  a  path  for  further 
reduction  of  SOCI2  (5).  A  more  practical  impli¬ 
cation  of  the  above  experiments  is  that  Si 
electrodes  might  have  a  higher  charge  capacity  in 
SOCI2  batteries  than  C  electrodes.  Because  of  the 
high  overpotential  of  Si  one  would  have  to  use 
highly  conductive  Si  and  probably  mix  Si  with  carbon. 
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J.J.  Smith 
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1.  INTRODUCTION 

Recent  data  on  the  performance 
characteristics  of  Li/SOCl^  cells 
point  to  the  importance  of 
structural  aspects  of  S0C1  based 
electrolytes  (1).  Evidently, 
performance  in  cells  operating  at 
high  discharge  rates  is  influenced 
by  electrolyte  structure  (2).  In 
this  communication  the  structural 
aspects  of  the  changing 
electrolyte  composition  in  the 
course  of  cell  discharge  is 
examined  by  Raman  spectroscopy. 


2.  RESULTS  AND  DISCUSSION 

(i)  Liquid  SOCl2 

Changes  observed  in  the 
frequencies  of  the  S=0  stretching 
vibration  and  the  S-Cl  symmetric 
and  asymmetric  stretching 
vibrations  are  the  principal  basis 
for  the  present  discussion.  An 
intense  band  in  the  S=0  stretch 
region,  at  1229  cm-l,  is  actually 
a  composite  band  of  three 
overlapping  peaks.  This 
observation,  as  well  as  dilution 
studies  of  S0C1  in  CC1,,  C  H,, 

CH  Cl  n-C  H  and  CH  C  H  , 
indicate  that  S0C1  itself  is  an 
associated  liquid  consisting 
of  dimers  and  higher  aggregates. 


(ii)  The  A1C13~S0C12  System 

With  the  addition  of  AlCl^  to 
S0C1  a  new  band  appears  at 
1103  cm-^  which  is  attributed  to 
the  S=0  stretching  vibration  of 


A1C13.S0C12  complex,  Fig.  1. 


With  the  addition  of  A1C1  the 
S-Cl  symmetric  and  asymmetric 
stretches  of  S0C12  are  shifted 
to  higher  frequency.  Both  of 
these  observations  support 
coordination  through  the  oxygen 
atom  of  S0C12  (3,4). 

At  concentrations  greater 
than  3.0  M  A1C13  in  SOC1  ,  a 
broad  shoulder  appears  at  ca 
1063  cm-1  which  has  tentatively 
been  assigned  to  the 
(A1C1.)2.S0C1  complex.  The 
shif t  to  even^ lower  frequency 
implies  that  both  A1C13  species 
in  2:1  complex  coordinate  through 
the  oxygen  atom  of  S0C12 .  The 
broadness  of  the  new  band  as 
well  as  the  smaller  shift  to 
lower  frequency  as  compared  to 
the  1:1  complex  indicates  that 
the  second  A1C13  is  weakly 
coordinated  to  S0C12.  These 
conclusions  are  in  agreement 
with  earlier  works  (5-8). 

The  Raman  spectrum  of  a  1:1 
mole  ratio  solution  of  A1C13  and 
S0C1„  shows  the  existence  or 
AlCl^  ,  i.e.  in  agreement  with 
conductance  data  (7,8).  It  is 
unlikely,  however,  that  the 
counterion  of  AlCl^  is  S0C1 
since  no  high  frequency  bands 
were  observed  in  the  S=0 
stretching  region.  The 
counterion  is  probably 
[A1C1  S0C1  ]+  ion  in  analogy  to 
A1C13-THF  (9,10)  and  A1C13-CH3N02 
(11)  systems. 
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( iii)  The  AlCl3-LiCl-SOCl2 


System 

The  addition  of  LiCl  to  the 
AlCl.-SOC^  system  breaks  up  the 
molecular  complexes  of  A1C1_  and 
S0C1  to  form  solvated  Li+  ions 
and  A1C1  ”  species.  As 
illustrated  in  Fig.  2,  the  band 
due  to  the  S=0  stretch  of  the 
A1C1_ . S0C1  complex  at  1103  cm“^ 
decreases  with  increasing  LiCl 
concentration  and  a  new  band 
appears  at  ca  1200  cm'^.  This 
band  is  attributed  to  the  S=0 
stretching  vibration  of  S0C12 
molecules  in  the  solvation  sphere 
of  Li+  ions.  Since  this  band 
occurs  at  lower  frequency  than 
that  of  SOCl^j  it  indicates  that 
SOCl^  solvates  Li+  ion  through 
the  oxygen  atom. 


( iv)  Temperature  Effects 
In  the  AlCl^ -SOCl^  system,  no 
significant  changes  are  observed 
within  temperature  range  +25°C  to 
-20°C  except  for  broadening  of 
several  of  the  bands  appearing 
between  100  and  600  cm”  with 
decreasing  temperature.  This 
broadening  suggests  the  formation 
of  higher  molecular  aggregates  of 


A1C1  and  S0C1  .  In  the  A1C1,- 
LiCl-SOCl^  system,  with  decreasing 
temperature,  the  vibrational  bands 
due  to  AlCl^  (i.e.,  the  C1-A1-C1 
vibrational  bending  modes  at  119 
and  179  cm  and  the  Al-Cl  ^ 

symmetric  stretch  at  ca  358  cm  , 
sharpen.  A  sharpening  of  the  bands 
of  S0C12  associated  with  Li+  was 
also  observed.  These  changes  have 
been  attributed  to  the  formation 
of  ion  pairs. 
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Figure  i.  The  S=0  stretching  region  of  AlCl^-SOC^ 
solutions. 

Figure  2.  The  S=0  stretching  region  of  solutions 
of  A1C13  and  LiCl  in  S0C12. 
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INTERCELL  CURRENTS  IN  ASSEMBLY  OF  MODULES 
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Naval  Ocean  Systems  Center 
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and 

J.  J.  Smith 

Naval  Weapons  Center 
China  Lake,  CA  93555-6001 


Qualitatively,  an  intercell  current  is  an 
ionic  current  that  originates  in  one  cell  and  ter¬ 
minates  in  another.  It  is  a  parasitic  current 
which  not  only  reduces  the  effectiveness  of  an 
electrochemical  device  but  in  some  cases,  eg  Li 
batteries  of  reserve  type,  may  lead  to  the  initia¬ 
tion  of  a  catastrophic  event  (1).  This  parasitic 
current  is  present  whenever  a  continuous  elec¬ 
trolytic  path  through  all  cells/mo^ples  is 
required  for  either  filling  the  battery  oyflowing 
the  electrolyte. 

A  typical  multimodule  battery  with  the 
necessary  accessories  is  shown  in  Fig.  1.  In 
contrast  to  a  single  cell  which  can  be  viewed  as 
a  chemical  reactor,  the  battery  employing  eg 
flowing  electrolyte,  resembles  a  chemical  plant. 
Here,  the  discussion  is  limited  to  the  "energy 
section"  of  the  battery.  This  section  contains 
three  modules  connected  electrically  in  parallel 
and  hydraulically  in  series  and  is  represented 
by  an  equivalent  electric  circuit  analog. 

Quantitatively,  the  magnitude  of  the  inter¬ 
cell  currents  as  well  as  their  effect  on  the  bat¬ 
tery  operation,  are  evaluated  by  solving  a  set  of 
equations  formulated  for  the  electric  circuit 
analogs  shown  in  Figs.  2a  and  b. 


currents  at  the  interface  between  connecting 
modules.  Consistent  with  the  battery  opera¬ 
tion,  the  boundary  and  interface  conditions 
are: 

J0, 1 s  J0,N=O;JN,  1  =-JN,2:J0,2='J0,3;  Va,N,  1=  Va,N,3 

and 

Vc,I,2=Vc,l,3=Vc,2,3. 

Numerical  solutions  for  a  selected  set  of 
operating  conditions  of  the  thin  cell  design 
reserve  Li/SOCl2  battery,  containing  three  86- 
cell  modules  are  presented. 
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Subject  to  simplifying  assumptions  (2),  the 
equations  for  the  current  in  the  external  load 
and  the  circulating  currents  in  the  fill  path  are 
given  by  Eqs.  (1)  and  (2) 

JIR1=V1withJl=£JuandV|«£ViJ  (1) 
and,  within  each  module, 


"Ji*iRr,i*r^i+rft,(i-l'2—N'1>  «> 


Similar  equations  govern  the  circulating 
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Fig.  2  Multimodulc  battery  representation. 
2a  Equivalent  electric  circuit. 

2b  Intermodule  connection. 

(For  symbol  3  identification  see  ref.  (2)). 
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PROPERTIES  OP  THIONYL  CHLORIDE  ELECTROLYTES 
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HrrRODQCTlOM 

Tbs  11 t hi urn- thlonyl  chloride  battery  system  has  the 
highest  practical  energy  density  of  any  cOMardal 
battery.  As  such,  it  is  of  considerable  Interest  for 
applications  having  weight  and  volume  restrictions. 
Optimisation  of  this  system  has  yet  to  be  achieved  due. 
In  part,  to  a  lack  of  understanding  of  the  system  and 
the  factors  that  establish  Its  operational  character** 
Is tics  and  determine  its  safety. 

The  electrolyte  is  composed  of  thlonyl  chloride 
solutions  containing  aluminum  trichloride  end  lithium 
chloride,  either  In  1:1  concentrations  for  the  neutral 
electrolyte  or  with  excess  aluminum  trichloride  In  the 
case  of  addle  electrolyte.  Concentrations  of  the 
species  In  excess  of  1  N  are  common.  Properties  of  the 
electrolyte  ere  dependent  on  the  concentrations  of 
constituents.  Likewise,  the  performance  of  the  battery 
system  is  dspendent  on  the  electrolyte. 

Reported  here  is  s  series  of  observations  on  the 
properties  of  thlonyl-chlorlde  electrolytes  obtained 
from  vapor  pressure  measurements.  Infrared  and  Raman 
spectroscopy,  and  nuclear  magnetic  resonance  (NMR) 
spectrometry.  The  results  are  supported  by  molecular 
orbital  calculations. 

EXPERIMENTAL 

Infrared  experiments  were  performed  using  the 
SNIPTIRS  technique  111.  Raman  spectra  were  taken  using 
s  scanning  doubla  monochromator  and  photon-counting 
methods  (2).  NMB  spectra  were  obtained  on  s  Brucker 
300  rtix  spectrometer. 

RESULTS  AND  DISCUSSION 

Neat  thlonyl  chloride  Is  a  complex  liquid.  Reman 
spectra  of  the  liquid  provide  evidence  for  association 
(2).  Relative  stabilities  of  eggregstsd  thlonyl 
chloride  have  been  Investigated  theoretically;  the 
results  srs  conslstsnt  with  ths  Raman  data. 

The  vapor  pressure  of  an  aluminum  trichloride- 
thlonyl  chloride  solution  as  e  function  of  aluminum 
trichloride  concentration  exhibits  s  maximum  in  the 
vicinity  of  3  M  aluminum  trichloride  [3J.  When  sulfur 
dioxide  is  present  in  ths  solution,  ths  relative  magni¬ 
tude  of  ths  maximum  Is  enhanced.  Infrared  spectre  of 
ths  aluminum  trichloride-thlonyl  chloride  solutions 
show  s  distinct  change  In  appearance  when  ths  concen¬ 
tration  of  aluminum  trichloride  Is  Increased  from  1.5 
to  3.0  M;  whereas  the  spectre  for  3.0  end  4.5  M 
aluminum  trichloride  eolutlone  ere  quite  similar.  The 
difference  Is  osrtleularly  evident  In  ehe  absorptions 
near  1100  cm"  —  absorptions  attributed  to  aluminum 
trichloride-thlonyl  chloride  complexes.  The  results 
are  interpreted  in  terms  of  electrolyte  restructuring 
at  the  higher  aluminum  trichloride  concent ret lone. 

At  very  high  aluminum  trichloride  concentrations 
<1:1  A1C1j:80C12).  the  species  AlClj*  is  formed  12). 
This  species  appears  to  be  complexed  by  two  thlonyl 
chloride  molecules.  The  representative  reaction  U: 

2A1C1,(S0C1j)  -  (A1C1 2<SOCl j) j)*  ♦  A1C1„- 


Evldence  le  also  obtained  for  the  2:1  aluminum 
trichloride-thlonyl  chloride  complex. 

27A1  KMt  spectre  of  the  electrolytes  are  relatively 
simple  In  appearance.  Peeks  attributable  to  the 
aluminum  trichloride- thlonyl  chloride  complexes  end  to 
the  A1C1 2*  species  ere  observed.  In  addition,  the 
beptechloroelual&ete  ion,  A1 7(3.7”,  has  been  tentatively 
Identified.  The  presence  of  the  latter  suggests  that 
both  thlonyl  chloride  and  the  tetrachloroalumlnete  Ion 
compete  for  excess  aluminum  trichloride  In  the  acid 
electrolyte. 

Raman  spectra  show  that  llthlue  loo  le  complexed  la 
tbs  electrolytes.  Moleeular  orbital  calculations  have 
bean  used  eo  guide  the  Interpretation  of  the  spectral 
results.  Lithium  Ion  in  these  electrolytes  le 
associated  with  thlonyl  ehlorlda.  When  sulfur  dioxide 
le  present,  the  lithium  Ion-sulfur  dioxide- thlonyl 
chloride  complex  le  present. 

In  conclusion,  the  resulta  confirm  the  complex 
nature  of  the  electrolytes.  The  structure  of  the 
electrolyte  changes  with  changing  composition.  The 
species  participating  In  the  electroreduction  process 
therefore  also  change. 
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Recently,  a  series  of  Investigations  into  the 
structural  aspects  and  reduction  path  of  S0C1-- 
bearlng  electrodes  have  shown  their  strong  depen¬ 
dence  on  solution  composition.  For  example,  Szpak 
and  Venkatasetty  (1)  investigated  transport 
properties  of  SOCl--based  electrolytes,  West,  et  al. 
(2)  looked  at  the  taper  pressure  for  A1C1.-S0CU 
solutions.  Smith,  et  al.  (3)  examined  the  SOCl- 
electroreduction  path  as  a  function  of  A1C1, 
concentration  and  Hosier-Boss,  et  al.  (4)  dis¬ 
cussed  structural  aspects  of  these  electrolytes 
from  Raman  spectroscopic  results.  All  of  these 
investigations  indicated  that  a  substantial  change 
in  behavior  occurred  near  an  A1C1-  concentration 
of  2M.  The  present  investigationJextends  the 
examination  of  these  changes  to  cyclic  voltametry 
and  IR  reflectance  spectroscopy  of  the  Pt  and  Au 
electrode/electrolyte  Interphase. 

Cyclic  Voltamnetry  -  The  shape  of  the  voltam- 
mograms  of  the  type  shown  in  Fig.  1,  depends  on 
both  solution  composition  and  sweep  rate.  For  the 
Pt  electrode  in  2. OH  A1C1-,  at  low  sweep  rates 
(e.g.,  10mVs-l),  more  than  one  reduction  peak  are 
observed.  As  the  sweep  rate  increases,  the  number 
of  peaks  is  reduced;  at  250mVs-l  only  one  peak  at 
-0.82V  is  observed.  At  the  highest  sweep  rate 
(50QmVs~l)  the  vol tamnogram  resembles  that  for  a 
3. OK  AICI3  solution.  Fig.  1.  Such  behavior  implies 
modification  of  the  electrode  surface  by  an 
absorbing  film.  The  behavior  of  the  Au  electrode 
is  similar  except  that  the  changes  occur  at  lower 
concentrations  and  sweep  rates. 

IR  Reflectance  Spectroscopy  -  The  spectral 
region,  9S6-lS00  carl,  for  2. OH  and  3. OH  AlClj  in 
contact  with  a  cathodically  polarized  Pt  electrode 
is  shown  in  Fig.  2.  The  difference  between  the 
spectra  is  substantial  and  suggests  that  in  the 
2.0 H  solution,  the  AIC^-SOCl?  adduct  and  the 
onium  complex  are  preferentially  reduced  to  form 
SOj,  while  in  3. OH  solution,  the  free  SOClj  also 
undergoes  reduction.  Similar  observations  pertain 
to  the  Au  electrode. 

In  conclusion,  the  electroreduction  of  SOCI2 
is  a  complex  process  in  which  the  composition  of 
the  electrode/electrolyte  Interphase  plays  a  major 
role. 
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Fig.  1  Cyclic  Vol taimograms  of  2. OH  and  3.0M  AlClj 
in  S0C12  on  Pt  at  50  mV  s'*. 


Fig.  2  Infrared  Difference  Spectra  of  2. OH  and 

3. OH  A1C1,  in  S0C1-  on  Pt  at  V  *  -1.0  V 
vs  Ag/Ag  Cl .  1 
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An  optimization  procedure,  applied  to  the 
Li/SOCl*  battery  and  based  on  sound  models,  falls 
short  of  expectations.  The  reason  for  this  defi¬ 
ciency  is  attributed  to  a  poor  understanding  of  the 
elementary  processes  occurring  within  the  porous 
structures  of  practical  electrodes(l,2). 

In  the  previous  work(3,4),  we  examined  the 
behavior  and  properties  of  a  somewhat  simpler  system: 
Pt/AlCl,  -  SOCli  and  concluded  that  the  electrore¬ 
duction  of  SOCI2  in  practical  electrolytes  follows 
a  complex  path  of  the  cec-type.  Moreover,  the  sur¬ 
face  processes  are  modified  by  the  selection  of  the 
electrode  material.  The  introduction  of  an  addi¬ 
tional  component,  eg  L1C1,  is  expected  to  complicate 
further  the  already  complex  reaction  path.  The 
increase  in  the  complexity  is  demonstrated  by  using 
the  ir-reflectance  spectroscopy  and  linear  scan 
voltammetry  as  the  investigative  tools. 

IR-REFLECTANCE  SPECTROSCOPY 

The  effect  of  LiCl  addition  on  the  composition 
of  the  Pt/AlCl j  -  SOCli  Interphase  both,  at  rest  and 
cathodtcally  polarized,  was  examined  by  the  ir-re¬ 
flectance  spectroscopy.  Representative  results, 
shown  In  Figs,  la  and  lb,  indicate  an  active  parti¬ 
cipation  of  the  Li+1ons  in  the  electroreduction 
process.  This  participation  Involves  establishment 
of  new  equilibria  between  the  various  species 
present  at  the  elctrode  surface  as  well  as  the 
corrective  adjustment  of  elementary  surface  pro¬ 
cesses.  A  preliminary  analysis  suggests  that,  in 
acidic  solutions,  the  SOClj  in  the  onium  ion, 
Cl,Al[(<-0SCl,)jJ+  is  reduced  first  while  in  the 
H(<-0SC1,),+  it  occurs  at  n  >  -  1-2  Y.  It  is  note¬ 
worthy  that  prior  to  its  reduction,  L1(<-0SC1,),+ 
accumulates  in  the  interphase  region.  Furthermore, 
we  note  the  formation  of  LI (SO, ,S0C1,)+  species  at 
n  <-1.2  V,  1e,  at  potentials  associated  with  the 
reduction  of  onium  ions. 

LINEAR  SCAN  VOLTAMMETRY 

The  tendency  of  S0C1,  to  solvate  ions  and  form 
complexes,  as  well  as  the  reactivity  of  the  reaction 
product  with  other  components  of  practical  electro¬ 
lytes,  suggests  coupling  of  the  charge  transfer  to 
other  participating  processes.  The  shape  of  the  Isv 
curve  is  governed  by  the  mass  balance  equation, 

Eq.(l) 


where  the  source  function  f(x»k)  depends  on  two 
parameters,  viz.  the  thermodynamic  parameter, 
x  *  Ac',  and  the  kinetic  parameter,  A*  RT'k  Here, 

c*  is  the  concentration  of  electroaetw8Fspieies,  k 
is  the  appropriate  rate  constant,  K  Is  the  equilib¬ 


rium  constant,  and  v  is  the  scan  rate.  The  charge 
transfer  cd,  for  N  electroactive  species  and  M  adsorp¬ 
tion  processes,  is  given  by  an  expression,  Eq.(2) 

j(0,t)  -  F  [tn.D^^i  + 

1*1  1  3*  m-1  at  (2) 

where  r  denotes  the  maximum  surface  concentration  and 
e  is  the  surface  coverage. 

As  Illustrated  in  Fig.  2,  the  addition  of  LiCl 
changes  substantially  the  shape  of  the  Isv  curve  for 
otherwise  identical  experimental  conditions.  The 
dominant  effects  are:  (1)  current  densities  are 
larger  in  the  presence  of  LiCl,  and  (ii)  the  adsorp¬ 
tion  relationships  are  modified,  especially  at  poten¬ 
tials  less  than  -  10QmV(4). 
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(I) 


Mg.  2  Cyclic  vol taamograas 

solid  line:  Pt/0.1  H.1C1-3.0  M  AIC1.  -  SOC1,  system 

dsshed  line:  Pt/3.0  N  A1C1>  -  SOClj  system 

electrode  tree:  0.3  cm* 

sweep  rate:  30  mV  s'1 


Fig.  1  The  940  -  1400  cm"1  spectral  region  of  the 
metal/electrolyte  Interphase 

A— Pt/4.0  M  A1C1,  -  SOClj  Interphase 

8 — Pt/1.0  MLiCl  -  4.0  M  A1C1,  -  S0C1, 
interphase 

Overpotentials  indicated 
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Earlier  observation^  1,2)  concerning  the  effect  of  composi¬ 
tion  and  structure  of  the  positive  electrode  on  the  Li  /SOCl2 
cell  performance,  suggest  an  involvement  of  the  electrode  ma¬ 
terial  in  the  charge  transfer  process.  Selected  aspects  of  this  in¬ 
volvement  were  recently  discussed  by  Nowak  et  aL  (3).  Here, 
we  present  further  evidence  that  the  effect  of  the  electrode 
material  on  the  cell  performance  cannot  and  should  not  be  ig¬ 
nored. 

Briefly,  the  sequence  of  events  comprising  the  charge 
transfer  process  in  the  eg,  AlCl^-SOCl^  system,  is  as  fol- 
lows(4):  (i)  enrichment  of  the  electrode/electrolyte  interphase 
(including  the  adsorption  )  by  onium  ions.  Cl ^—OSO a),*  and 
the  1:1  adduct,  C7y4/^WC/»  (ii>  sequential  acceptance  of 
two  electrons  per  S002  molecule,  of  which  the  first  is  irrever¬ 
sible  while  the  second  is  quasi-reversible,  and  fill)  desorption 
of  reaction  products.  Molecular  orbital  calculations  suggest  the 
crucial  role  played  by  the  S-0  bond  strength  in  connection 
with  the  charge  transfer  as  well  as  the  stability  of  intermedi¬ 
ates  in  the  adsorbed  state.  These  features  point  to  possible  ca¬ 
talytic  activities  of  the  electrode  surface. 

The  evidence  for  the  interaction  between  the  electrode  ma¬ 
terial  and  the  charge  transfer  process  can  be  demonstrated  by 
viewing  Fig.  1  where  cyclic  voltammetry  curves  obtained  on  Pt 
and  Au  electrode  surfaces,  under  otherwise  identical  condi¬ 
tions  (  ie,  solution  composition  and  scan  rate),  are  displayed. 
Of  interest  is  the  lack  of  corresponding  changes  in  the  IR- 
spcctral  region  at  rest  potential  as  well  as  in  the  course  of  cell 
discharge,  as  illustrated  in  Fig.  2.  This  lack  of  correspondence 
suggests  that  the  effect  involves  adsorbed  species  only,  ie,  it  af¬ 
fects  the  rate  of  an  individual  elementary  process,  a  process 
which  most  likely  interacts  with  the  electrode  material.  These 
observations  are  extended  to  other  electrode  materials;  in  par¬ 
ticular,  treated  glassy  carbon  surfaces,  viz.  in  the  reduced  and 
oxidized  states,  are  examined.  The  relationship  between  the 
morphological  features  of  the  LiCl  deposit,  the  electrode  treat¬ 
ment  and  the  rate  of  the  charge  transfer  reaction,  is  presented. 
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Fig.  I.  Cyclic  voltammagrams  obtained  on  Pt  ( — )  and  Au 
(~~)  at  a  sweep  rate  of  10  mV/sec. 


Fig.  2.  The  900  to  1 400  cm'*  spectral  region  of  the 
metal/electrolyte  interphase. 

A)  Au/4.0  M  AlCVSOCla  solution. 

B)  Pt/4.0  M  AlClj-SOCl,  solution. 

Overpotentials  indicated. 
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The  electroreduction  of  SOCl7  from  the  SOCl2-UCl  -AlCl3  system  is  of  the  cec  type. 
Among  the  relevant  processes  are  the  adsorption  of  onium  ion.  Cl  ^Al  ( +-OSCI 2) 2+  and  the  1:1 
adduct.  Cl  yil  *—OSCl  *  The  complexity  of  this  reaction  is  further  increased  by  the  interaction 
of  the  stable  reaction  products,  viz.  Cl~  and  S02  with  the  electrolyte  components  originally 
present.  The  complexity  of  the  interphase  region  is  investigated  by  relaxation  techniques  and 
analyzed  with  the  aid  of  an  equivalent  electric  circuit  analog.  The  interpretation  of  E(t) 
and/or  /(f)  curves  arising  from  galvanostatic  and/or  potentiostatic  perturbations  ,  when  com¬ 
bined  with  the  IR  spectra,  provide  a  more  complete  picture  of  the  interphase  region. 
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Previous  studies  concerning  the  eiectroreductioo  of  SOCl7 
from  the  SOCt7-AlCI7  and  UCt -MCI  ,-SOCl ,  systems  on  Ft 
electrodes  showed  clearly  the  complexity  of  the  system  as  well 
as  the  reaction  path(l-3).  The  electrolyte  phase  contains  the 
onium  ions.  CI*il(—OSCI  j)a*.  MCIt~,  1:1  adducts, 
Clytl—OSCt*  in  addition  to  (SOC1J*  When  in  contact  with 
metallic  electrode,  eg,  platinum,  an  interphase  enriched  in 
complexed  species  was  found.  The  cyclic  voltammograms  pro¬ 
vided  evidence  for  the  cec  type  with  the  adsorption  of  elec¬ 
troactive  species  playing  an  important  role.  The  charge 
transfer  process  occurs  sequentially  and  appears  to  be  related 
to  the  S  -O  bond  strength.  The  acceptance  of  the  first  electros 
yields  a  stable  molecule  which  becomes  unstable  upon  the 
insertion  of  the  second  electron  and  when  desorbed  from  the 
electrode  surface.  The  details  of  the  instability  sad  the  reac¬ 
tion  path  leading  to  stable  reaction  products,  ie,  Cl"'  SO,  and 
S.  are  not  yet  known  but,  most  likely,  they  have  no  effect  on 
the  cunent/potential  relationship  except  for  changing  the  com¬ 
position  of  the  electrolyte  phase  and  the  associated  composi¬ 
tion  changes  within  the  electrode/electrolyte  interphase.  Here, 
additional  information  is  sought  via  the  potential  and  current 
relaxations  arising  from  current  and  potential  perturbations. 
The  electrode  response  to  these  perturbations  is  analyaed  with 
the  aid  of  an  equivalent  electric  circuit  analog.  These 
responses,  when  combined  with  the  results  of  IR-  spectroscopy 
and  cyclic  voltammetry,  constitute  yet  another  set  of  data  to 
provide  a  better  understanding  of  the  interphase  and  its  effect 
on  the  charge  transfer  step. 
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A  systematic  study  of  the  electros  eduction  of  in  oxychloride- 
aluminum  chloride  system  has  been  limited  to  thionyl  chkmdefl  ,2). 
Mach  less  effort  has  been  devoted  to  the  elucidation  of  the  charge 
transfer  processes  involving  SO, Ct,  (5.4).  Oar  interest  in  the  latter 
system  is  due  to  its  potentially  high  energy  density  and  somewhat 
higher  operating  cell  voltages.  Moreover,  the  £t/50,O,  system 
shows  promising  rechasgeabilicy  and  ia  believed  to  be  safer  because  no 
elemental  sulfur  is  farmed  in  the  coons  of  battery  discharge.  Obvi¬ 
ously,  a  better  undemanding  of  the  species  and  equilibria  occurring  in 
the  SO,at/Aia,  solutions  as  well  as  the  kinetics  of  the  chorgs 
transfer  me  needed.  Here  sue  present  experimental  evidence  illustrat¬ 
ing  the  similnitics  and  differences  between  then  two  systems. 


On  the  beers  of  general  coasrderaxiooa  as  well  aa  experimental  evi¬ 
dence,  the  sequence  of  events  during  the  electrorcdnctiou  of  either 
SOO,  or  50,0,  ic  (i)  enrichment  of  the  demode  sleetrolya  inter- 
phoao  with  the  reactive  species,  (ti)  sequential  acceptance  of  tiro  eteo- 
trona  through  the  S  —  atom,  and  (iii)  desorption  of  reaction  products 
However,  the  exammation  of  gatvanoctatic  and  potantioolalk  pnrtur- 
hotioax  m  well  as  cyclic  vohasmnctry  debt  indicates  a  much  paster 
coaspleaity  of  the  charge  transfer  prorrmss  involving  the  50,0, 
bSbfabole,  The  interaction  between  the  electrode  material  and  the  par¬ 
ticipating  soecim  is  more  pronounced,  especiilly  on  the  Au  -  surface. 
This  added  complexity  is  illustrated  in  Figs.  I  A  and  B,  where  the  Dt 
spectra  obtained  under  identical  conditions  are  displayed.  In  both 
casea,  the  involvement  of  the  5  -O  bond  ia  evident.  The  identifica¬ 
tion  of  species  and  assignment  of  the  spectral  bands  observed  for  the 
Ala, -SO, a,  system  awaits  the  results  of  ewUmlar  orbuai  oalcu- 
■otione.  peassntly  ia  propram  Aa  with  the  AJO,-500,  system.  the 
equilibria  and  geometry  of  the  reactive  meoes  we  expected  to 
Strongly  influence  the  reacboo  path  of  50,0,  based  electrolytes. 
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MECHANISTIC  ASPECTS  OF  SOCl,  ELECTROREDUCTION 


EFFECT  OF  ELECTRODE  MATERIAL 
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and 

J.  J.  Smith 
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One  approach  to  increase  the  Li  / SOCl 7  cell  lifetime  and  discharge  rate  capabilities  is  to  modify 
the  composition  of  the  Shawinigan  black  porous  structure  of  the  positive  electrode.  The  effect  of  the 
various  additives,  including  metallic  Pt  ( 1)  and  Cu  (2),  the  transition  metal  halides  (3)  and  the  tran¬ 
sition  metal  i\T4—  chelates  (4,5),  have  been  examined  in  some  detail.  The  mechanism  by  which  these 
additives  affect  battery  performance  is  not  yet  fully  understood:  some  of  these  additives  eg, 
Cu  ,  CuCl2  function  as  intermediates,  others,  t.g. ,  Ft  —Pe  or  Co— Pc,  are  thought  to  act  as 
catalysts. 

In  this  communication,  we  address  the  effect  of  electrode  material  on  the  rate  constants  of  the 
consecutive  elementary  processes  comprising  the  overall  charge  transfer  reaction.  The  analysis  and 
semiquantitative  conclusions  are  based  on  the  earlier  results  of  the  IR-  reflectance  spectroscopy  and 
linear  scan  voltammetry  (6)  combined  with  the  relaxation  characteristics  of  the  metal  -  electrolyte 
interphase  following  the  application  of  a  galvanostatic  or  potentiostatic  pulse  (7).  The  electrode 
materials  selected  for  this  discussion  include:  Pt  ,  Au  ,  Si  and  glassy  carbon. 
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INTERCELL  CURRENTS  IN  A  MULTIMODULE  ASSEMBLY 


(  Design,  Manufacturing  and  QC  considerations  ) 


S.  Szpak  and  P.  A.  Mosier-Boss 
Naval  Ocean  Systems  Center,  San  Diego  CA  95152-5000 

and 

J.  J.  Smith 

Department  of  Energy,  Washington  DC  20545 


As  a  rule,  military  applications  require  electrochemical  power  sources  that  are  both  energy  and 
power  dense.  Thus,  systems  with  a  large  Gibbs  free  energy  are  sought,  and  to  assure  stability  an  elec¬ 
trolyte  is  kept  in  a  separate  container.  A  common  path  is  provided  to  either  activate  cells  or  circu¬ 
late  the  electrolyte. 

There  are  many  advantages  associated  with  this  approach,  viz.  bipolar  cell  construction,  con¬ 
trolled  supply  of  reactants  or  removal  of  products,  and  a  reliable  thermal  management  These  advan¬ 
tages,  however,  are  partially  off-set  by  the  parasitic  shunting  action  of  the  intercell  currents.  In  prac¬ 
tice,  these  currents  not  only  reduce  the  power  output  but  often  affect  the  structural  integrity  of  the 
battery  functional  elemcnts(l). 

In  a  previous  communication  (2),  we  concluded  that  an  increase  in  the  number  of  well  designed 
modules,  electrically  in  parallel  -  hydrolically  in  series,  does  not  inherently  increase  the  imbalance  in 
intercell  or  nodal  currents(2).  However,  in  an  assembly  of  modules  with  one  or  more  defective  cells, 
or  with  sufficiently  large  variation  among  the  cell  functional  elements,  a  situation  arises  which  sub¬ 
stantially  reduces  the  battery  lifetime  and,  on  occasion,  may  lead  to  catastrophic  thermal  runaways. 
In  this  communication,  we  will  examine,  in  general  terms,  design  options  and  the  role  of  quality  con¬ 
trol  procedures  during  the  manufacturing  of  these  batteries  and  other  energy  conversion  devices. 
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VIBRATIONAL  SPECTROSCOPIC  INVESTIGATIONS 
OP  THIONYL  CHLORIDE  ELECTROLYTES 

J.  J.  SMITH1,  S.  POHS2,  J.  LI2,  W.  WEST3 
AND  S.  SZPAK* 

^Office  of  Naval  Research,  Arlington,  VA* 
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While  the  11 thlum/ thlonyl  chloride  battery  has  been 
around  for  over  ten  years,  the  mechanism  by  which  thlonyl 
chloride  Is  reduced  ele c t r ocheml cal 1 y  Is  not  yet 
established.  This  lack  of  Information  has  inhibited  the 
rate  of  progress  toward  the  development  of  a  safe  battery 
capable  of  operating  at  the  high  energy  and  power 
densities  for  which  the  system  is  so  attractive.  Even 
now,  the  discharge  reaction  for  the  system  Is  written 

4L1  +  2S0C1 2  -  4L1C1  +  S  +  S02  <1) 

A  number  of  Investigations  have  been  made  to  establish 
the  reaction  mechanism  and  to  identify  the  Intermediates 
present  during  the  discharge  process  (1).  Separately, 
Istone  and  Brodd  (1)  and  Attla,  et  al  .  (2)  have  used 
Infrared  spectroscopy  In  an  attempt  to  characterize  the 
thlonyl  chloride  reduction  process.  Several  possible 
intermediate  sulfur-oxygen-chlorine  containing  species. 
Including  SC12,  S20,  S2C12  and  S02C12,  have  been  observed 
in  the  electrolyte  during  electroreduction,  depending  on 
conditions.  The  difficulty  in  using  Infrared 

spectroscopy  for  determining  the  Intermediates  lies  In 
the  complexity  of  the  spectra,  particularly  in  the  region 
between  400  and  900  cm-1,  a  region  where  most  of  the 
electrolyte  components  have  absorptions.  Recently,  in 
8 1 1  u  Fourier  transform  Infrared  spec t roe lect rocheml st ry , 
specifically  SNIFTIRS  (3),  has  been  shown  to  be  a 
valuable  technique  for  elucidating  electrochemical 
processes.  This  technique  has  been  applied  to  the 
electroreduction  of  S0C12  electrolytes;  the  results  are 
presented  here. 

Lithium/ thlonyl  chloride  batteries  have  been  produced 
with  both  neutral  (lithium  t et rachl or oalumi nate 
supporting  electrolyte)  and  acidic  (excess  aluminum 
trichloride)  electrolytes.  Both  have  been  investigated 
In  this  work  using  the  experimental  procedure  reported 
earlier  (4).  The  electroreduction  was  performed  at  a 
polished  platinum  electrode  surface.  Electrolyte 

compositions  between  1.5  and  4.5M  aluminum  trichloride 
with  varying  amounts  of  added  lithium  chloride  were 
investigated . 
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The  initial  thrust  was  to  characterize  the  electrolyte 
composition.  The  formation  of  various  complexes  in  the 
electrolytes  and  their  involvement  in  the 
electroreduction  are  established  (5).  Figure  1  shows  the 
SNIFTIRS  spectra  of  three  solutions  of  aluminum 
trichloride  in  thionyl  chloride  at  the  concentrations  of 
1.5,  3.0  and  4.5M.  A  significant  change  in  appearance 
occurs  when  the  concentration  of  AICI3  is  increased  from 
1.5  to  3.0M;  the  spectra  for  the  3.0  and  4 . 5M  solutions 
are  very  similar.  This  is  evidence  for  a  change  in 
composition  of  the  solution  at  the  higher  AICI3 
concentrations.  The  strong  absorption  at  approximately 
1100  cm-1  is  due  to  the  AlCl3‘SOCl2  complex  in  which  the 
aluminum  chloride  is  associated  with  the  oxygen  in 
thionyl  chloride.  It  is  likely  that  the  absorptions  in 
the  region  500-700  cm-  are  also  due  in  part  to  the 
complex.  The  change  in  spectral  appearance  as  the 
concentration  of  AICI3  is  increased  is  attributed  to  the 
formation  of  the  higher  adducts  of  A1C13  with  SOClj. 

Figure  2  shows  the  SNIFTIRS  spectra  taken  at  the 
potential  co rrespondi ng  to  the  maximum  In  the  cyclic 
voltammetry  curve  for  the  reduction  of  the  thionyl 
chloride  electrolytes  containing  various  concentrations 
of  aluminum  trichloride  and  lithium  chloride.  Increased 
absorption  corresponds  to  species  produced  by  the 
electrochemistry  whereas  reduced  absorption  (upward  point 
peaks)  are  associated  with  species  whose  concentrations 
decrease  as  a  result  of  the  electrochemical  process.  For 
the  acidic  electrolytes,  the  major  reactant  is  the 
aluminum  chloride-thionyl  chloride  adduct(s)  and  the  most 
identifiable  product  is  SO2  (from  the  strong  absorption 
at  1335  cm-1).  The  results  for  the  neutral  electrolytes 
show  similarities  In  product  species,  however,  the 
aluminum  t r i ch 1 o r I de -t h i ony 1  chloride  complexes  are  no 
longer  involved  In  the  reaction. 

Figure  3  is  the  spectrum  taken  at  a  potential  near  -2.5 
volts  vs.  platinum.  This  potential  is  at  the  center  of 
the  lowest  potential  reduction  peak  in  the  cyclic 
vo  1 1  ammogr  am .  It  is  clear  from  the  spectrum  that  this 
process  is  the  e 1 e ct ro reduct  1  on  of  sulfur  dioxide 
confirming  the  suggestion  of  Istone  and  Brodd  (1). 

Collectively,  the  results  of  this  investigation  permit 
specific  conclusions  to  be  drawn  about  the  mechanisms  for 
the  electroreduction  processes  in  neutral  and  acid 
electrolytes.  These  will  be  presented  in  detail. 

♦Present  address.  Naval  Weapons  Center,  China  Lake,  CA 
93555 

REFERENCES 

1.  Istone,  W.  K.  and  Brodd,  R.  J.,  J.  Electrochem.  Soc. 
131,  2467  (1984)  and  references  therein. 


3-30 


2.  Attla,  A.  I.,  Sarrarln ,  C. ,  Gabriel,  K.  A.  and  Burns, 

R.  P.,  Ibid,  m.,  2523  (  1984). 

3.  Foley,  J.  W.  Korzenl ewskl ,  C.  Daschbach,  J.  and  Pons, 

S. ,  "Electro-analytical  Chenlstry,"  A.  J.  Bard,  Ed., 
Marcel  Dekker,  New  York,  In  press. 

4.  LI,  J.,  Pons,  S.  and  Smith,  J.  J.,  Langmuir,  in 
press  . 

5.  Kllnedlnst,  K.  A.,  J.  Electrochem.  Soc.,  1 28 .  2507 
(1981). 


1500  1000  500 

WAVENUMBER 


FIGURE  1.  SPECTRA  OF  A1C13-  S0C12 SOLUTIONS 
(•)  I  -5  M;  (b)  3.0  M;  (e)  4.5  M 


TRANSMITTANCE 


FIGURE  2.  SPECTRA  OF  THIONYL  CHLORIDE  ELECTROREDUCTION 

(a)  1 .5  M  AICI3  *  0  75  H  LiC1i  t*>  3  0  M  AICI3  ♦  0.75  LiCl  ; 
(e)  4.5  M  AICI3  +  0  75  M  L*C1 


FIGURE  3.  SPECTRUM  OF  THIONYL  CHLORIDE  ELECTROREDUCTION 
1 .5  M  AICI3  ♦  1 .5  M  LiCl;  V  =  -2.5  V  vs  Pt;  r*f  at  -0.9  V 
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